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ABSTRACT 

The  silicon  controlled  rectifier  (SCR)  is  essentially  an  "area" 
device  whereas  the  transistor  is  a  "periphery"  device.  In  the  appli¬ 
cation  of  SCRs  some  trouble  arises  in  making  use  of  this  large  area 
because  of  the  slow  spreading  of  turn-on  from  the  gate  region.  SCRs 
were  specially  constructed  to  permit  the  direct  observation  of  the 
lateral  spread  of  turn-on  within  the  device.  The  effects  on  the  spread 
of  tum-on  of  load  current,  base  widths,  temperature,  anode-cathode 
voltage,  the  gate  signal,  and  a  large  inhomogeneity  were  observed. 

The  spreading  velocity  of  the  on-state  and  the  load  current  are 
related  approximately  by  the  expression  Vn  *  I  at  high  load  currents. 
The  spreading  velocity  is  higher  in  devices  with  narrower  base  widths 
and  increases  with  temperature.  Neither  the  anode-cathode  voltage 
before  turn-on  nor  the  gate  control  pulse  affect  the  spreading  velocity 
of  the  on-state.  Measurements  on  end  gate  devices  and  center  gate 
linear  devices  show  that  triggering  at  the  center  enables  an  equivalent 
area  of  the  SCR  to  turn  on  in  less  time  than  occurs  when  triggering 
at  the  end.  A  large  gap  in  the  emitter  layer  will  delay  the  spread  of 
the  on-state  but  will  not  necessarily  Stop  the  spreading. 

An  analysis  of  a  linear  and  of  a  cylindrical  transistor  with 
lateral  currents  in  both  the  emitter  and  the  base  layers  is  included. 
The  results  are  written  in  a  general  form  and  can  be  applied  to  many 
specific  cases  including  those  that  have  a  lateral  current  only  in  the 
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bass  layer  or  only  in  the  emitter  layer.  They  may  also  be  useful  in 
the  analysis  of  other  multi Junction  devices  in  addition  to  transistors. 

A  lateral  current  in  an  emitter  layer  of  an  SCR  is  shown  to  vary 
the  lateral  field  in  the  base  layers  and  also  to  change  the  distri¬ 
bution  of  the  current  density  injected  from  the  emitter  to  the  base. 

A  method  of  using  lateral  emitter  layer  currents  in  an  SCR  to  increase 
the  spreading  velocity  of  the  on-region  and,  at  higher  currents,  to 
turn  on  quickly  areas  of  the  SCR  remote  from  the  gate  contact  is  demon¬ 
strated  experimentally. 

Details  of  device  fabrication  and  the  measuring  circuitry  are 
included  in  appendices. 
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INTRODUCTION 

The  silicon  controlled  rectifier  (SCR)  is  potentially  capable  of 
handling  much  greater  power  than  the  transistor.  This  power  handling 
ability  arises  from  the  nearly  uniform  conduction  over  an  extended 
area  present  in  the  SCR  in  the  steady  state.  Thus  the  power  dissi¬ 
pation  is  nearly  uniform  over  the  entire  area.  In  the  high  power 
transistor,  on  the  other  hand,  conduction  is  restricted  to  the  emitter 
periphery  so  the  power  dissipation  is  concentrated  at  the  periphery. 

As  a  result  of  this,  and  also  because  the  voltage  withstanding  ability 
of  the  SCR  is  much  larger,  the  power  handling  ability  of  the  SCR  is 
many  times  as  great  as  that  of  the  transistor. 

The  advantages  of  the  SCR  over  the  transistor  are  a  result  of  the 
inherent  principles  of  operation.  A  base  current  must  be  supplied  to 
the  transistor  to  maintain  it  in  the  on-state.  This  base  current, 
which  flows  laterally  in  the  transistor,  causes  the  injected  emitter 
current  to  be  crowded  towards  the  base  connection.  As  a  result,  conduc¬ 
tion  in  the  transistor  is  limited  mainly  to  the  periphery  of  the  emitter. 
The  SCR,  however,  does  not  require  any  external  base  current  to  maintain 
it  in  the  on-state.  In  steady  state  no  large  lateral  base  currents  are 
present  to  produce  crowding  and  therefore  the  SCR  conducts  nearly 
uniformly  over  its  entire  area.  To  increase  the  current  handling 
capability,  only  the  emitter  area  of  the  SCR  need  be  enlarged  whereas 
the  emitter  periphery  of  the  transistor  must  be  increased,  involving 
more  elaborate  techniques. 
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In  the  period  following  the  gated  turn-on  the  current  In  the  SCR, 
which  is  Initially  crowded  toward  the  gate  electrode,  spreads  across 
the  entire  area  and  becomes  uniformly  distributed.  Thus  the  conduction 
is  nonuniform  for  a  period  of  each  cycle.  In  the  off-state  the  gate 
current  flows  laterally  in  a  base  of  the  SCR  and  causes  e  mitter  crowd¬ 
ing  analogous  to  that  in  the  transistor.  The  injected  emitter  current 
is  greatest  near  the  gate  connection  so  the  alphas,  which  are  current 
dependent,  are  highest  near  the  gate  connection.  As  a  result  the  turn¬ 
on  criterion  for  the  SCR,  ■  1,  will  first  occur  near  the  gate. 

When  the  region  next  to  the  gate  begins  conducting,  the  entire  load 
current  is  initially  limited  to  this  small  area  of  the  SCR.  The  initial 
current  must  be  limited  by  external  means  to  a  fraction  of  the  maximum 
current  the  SCR  is  capable  of  handling  since  the  effective  area  of  the 
SCR  is  only  a  fraction  of  the  total  area  during  the  turn-on  period. 

After  the  initial  region  of  the  SCR  is  conducting,  this  conducting 
region  spreads  laterally  throughout  the  SCR  until  the  entire  area  is 
conducting.  The  application  of  large  area  SCRs  is  severely  limited 
by  this  spreading  phenomenon  since  the  spread  of  tum-on  within  the 
SCR  is  a  relatively  slow  process  requiring  tens  or  hundreds  of  micro¬ 
seconds. 

The  earliest  theories  of  operation  of  the  SCR  were  one-dimen¬ 
sional  and  did  not  consider  the  lateral  phenomenon  present  after  gate 
triggering.  Although  these  analyses  satisfactorily  explain  the  oper¬ 
ation  of  email  area  SCRs,  their  application  to  large  area  SCRs  is 
limited  to  the  initial  tum-on  of  the  small  region  next  to  the  gate. 
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After  the  initiaJ  region  is  conducting  the  usual  one-dimensional 
analyses  offer  little  insight  to  unde rstanding  the  lateral  spread  of 
the  on-region  within  the  SCR. 

(1) 

A  more  recent  analysis  by  Longini  and  Melngailis  considers 
the  lateral  spread  of  tum-on  within  the  SCR.  Although  this  paper 
offers  considerable  insight  into  the  mechanism  of  spreading  and  the 
factors  influencing  it,  a  number  of  assumptions  were  necessary  to  make 
the  problem  tractable.  For  example ,  both  bases  are  assumed  equal,  the 
effect  of  any  lateral  fields  in  the  bases  is  neglected,  and  the  change 
of  the  diffusion  coefficient  with  carrier  concentration  is  neglected. 
These  and  other  assumptions  limit  the  direct  application  of  this  analysis 
to  actual  rectifiers.  Experimental  measurements  are  needed  to  clarify 
some  of  the  aspects  of  tum-on. 

In  spite  of  the  importance  of  the  spread  of  tum-on  in  SCRs, 

experimental  measurements  of  the  spreading  have  been  very  limited. 

This  may  be  oartly  due  to  the  difficulty  of  direct  measurement  since 

(2) 

the  spreading  of  the  on-state  is  wholly  within  the  device.  Maphsm 
has  measured  the  mean  spreading  velocity  in  a  two-gated  SCR.  Although 
the  magnitude  of  the  mean  spreading  velocity  is  obtained,  no  measure¬ 
ments  were  taken  to  determine  the  effect  of  various  parameters  such  as 
the  base  widths,  lifetime,  load  current,  or  temperature.  Such 
measurements  are  needed  to  gain  greater  physical  insight  into  the  fac¬ 
tors  controlling  the  spread  of  the  on-state. 
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This  thesis  reports  the  results  of  an  Investigation  of  the  lateral 
spread  of  turn-on  within  SCRs.  Special  SCRs  were  constructed  which 
permitted  the  direct  observation  of  the  spread  of  tum-on.  The  thesis 
consists  of  three  chapters.  The  first  shows  experimentally  how  the 
spreading  is  affected  by  the  load  current ,  base  widths,  temperature , 
anode-cathode  voltage ,  gate  signal  and  a  large  inhomogeneity.  Compar¬ 
ison  of  experiment  and  theory  is  Included.  The  second  is  an  analysis 
of  a  transistor  with  lateral  currents  in  both  the  base  and  emitter 
layers.  The  results  of  this  analysis  are  written  in  a  general  form 
and  can  be  applied  to  many  specific  cases  including  SCRs  under  special 
conditions.  The  third  uses  the  results  of  chapter  two  to  explain 
a  method  of  triggering  SCRs  which  can  increase  the  spreading  velocity 
of  turn-on  and  can  also  initially  turn  on  areas  of  the  SCR  remote  from 
the  gate  connection.  Experimental  results  are  included  which  illustrate 
this  method  of  triggering. 
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PROBED  determination  of  turm-on  spread  of 

LARGE  AREA  GATED  SILICON  OOWTRflT  .1  .Kfi  RECTIFIERS 

ABSTRACT 

Silicon  controlled  rectifiers  (SCRs)  were  specially  constructed 
to  permit  the  direct  observation  of  the  lateral  spread  of  tum-on 
within  the  device.  The  effects  on  the  spread  of  tum-on  of  the 
load  current,  base  widths,  temperature,  anode-cathode  voltage,  gate 
control  pulse,  and  a  large  inhanogeneity  were  observed. 

The  spreading  velocity  of  the  on-state  and  the  load  current 
are  related  approximately  by  the  expression  Vn  Cl  I  at  nigh  load 
currents.  The  spreading  velocity  is  higher  in  devices  with  nar¬ 
rower  base  widths  and  increases  with  temperature.  Neither  the 
anode-cathode  voltage  before  tum-on  nor  the  gate  control  pulse 
affect  the  spreading  velocity  of  the  on-state.  Measurements  on 
end  gate  devices  and  center  gate  linear  devices  show  that  trigger¬ 
ing  at  the  center  enables  an  equivalent  area  of  the  SCR  to  turn 
on  in  less  time  than  occurs  when  triggering  at  the  end.  A  large 
gap  in  the  emitter  layer  will  delay  the  spread  of  the  on-state  but 
will  not  necessarily  stop  the  spreading. 
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1.  INTRODUCTION 

When  a  silicon  controlled  rectifier  (SCR)  Is  initially  turned  on 
with  a  gate,  only  a  snail  area  next  to  the  gate  contact  becomes  on. 

This  is  followed  by  a  spreading  of  the  on-condition  throughout  the  total 
area  of  the  SCR.  The  gate  current  causes  the  emitter  current  to  crowd 
towards  the  gate  connection  just  as  the  base  current  causes  emitter 
crowding  in  a  transistor*  Since  Ot  increases  with  increasing  emitter 
current  density,  the  turn-on  criterion,  CC/'*’  OC* j-s  |  ,  occurs  first  in 
the  region  next  to  the  gate  contact.  As  a  result  the  gate  current  turns 
cm  only  the  area  next  to  the  gate  contact*  After  the  initial  area  is 
conducting,  the  external  gate  current  loses  control.  Oats  current  ie 
supplied  to  the  remaining  off-portion  of  the  device  by  the  flow  of  car¬ 
riers  from  the  adjacent  on-region,  permitting  the  on-region  to  spread 
throughout  the  device* ^ 

Although  the  turn-on  of  the  initial  area  of  the  SCR  may  be  quite 
rapid— in  the  order  of  a  microsecond  or  lees— the  spread  of  the  on- 
condition  over  the  entire  area  is  relatively  slow— in  the  order  of  tens 
or  even  hundreds  of  microseconds,  depending  upon  the  area  and  other 
design  features  of  the  SCR.  Because  of  this  slow  spreading  of  the  on- 
state  the  initial  current  through  a  large  area  SCR  must  be  limited.  If 
the  load  current,  being  restricted  to  the  on-region,  is  allowed  to  rise 
very  rapidly  to  a  high  value  the  resulting  concentrated  power  dissipa¬ 
tion  may  damage  the  device  even  though  the  voltage  across  the  entire 
device  falls  to  a  relatively  low  value  when  initially  turned  an.  After 
the  entire  area  is  on,  very  high  currents  may  be  safely  carried  since 
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ths  current  would  th«n  be  distributed  nearly  uniformly  over  the  devloe. 

A  knowledge  of  the  factor*  controlling  th*  spread  of  the  on-region  i* 
of  major  importance,  especially  in  th*  design  of  larg*  area  3CRs. 

Exact  studies  of  th*  spread  of  th*  on-condition  ar*  difficult  for 

two  reason* •  First,  theoretical  work  is  complicated  bacaus*  the  spread 

of  the  on-region  is  a  lateral  phenomenon  so  th*  usual  ons-dimeneional 

analyses  of  PNPN  structures  are  no  longer  sufficient*  Longini  and 

Me  Inga  ill  s  (LfcM)^  hare  aade  an  analytical  study  of  th*  spreading  of 

the  on-region  based  on  first  order  approximations*  Second,  experimental 

work  is  complicated  because  the  spread  of  the  on-region  is  wholly  within 

(2) 

the  derice  and  not  amenable  to  direct  outside  observation*  Maphamv  • 
has  measured  th*  time  necessary  for  the  total  area  of  a  two-gated  8GR 
to  turn  on  by  triggering  one  gate  and  observing  the  voltages  on  both 
gates.  Attcsgyte  to  obtain  information  an  the  lateral  spreading  by  ob¬ 
serving  the  turn-on  current  transient  have  been  mad*  but  without  success. 

This  paper  presents  ths  results  of  experiments  mads  on  specially 
constructed  SCRs  which  permitted  the  measurement  of  the  spread  of  turn¬ 
on.  Observations  are  made  on  the  effect  of  load  current,  base  widths, 
temperature,  anode-cathode  voltage,  ths  gate  signal,  and  a  large  inhomo¬ 
geneity.  Comparisons  of  the  experimental  results  with  current  theories 
are  included. 
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2.  EXPERIMENTAL  PROCEDURE 

2.1  Psxj<?« 

The  rectifier*  were  made  by  diffusing  boron  and  then  phosphorus 
Into  15  il  -os  N-type  silicon.  Gate  contacts  were  made  by  etching 
through  the  N  emitter  and  evaporating  and  alloying  aluminum  to  the 
inner  P  layer.  Contacts  were  mads  to  the  N  eadtter  layer  by 
eleetrolees  nickel  plating  followed  by  annealing  and  to  the 
P -emit ter  layer  by  evaporating  and  alloying  aluminum. 

The  wafers  were  cut  into  long  bar-shaped  samples  approximately 
1.5  mm  by  15  to  20  ton.  Small  circular  grooves  were  etched  through 
the  N-emitter  layer  to  the  inner  P  layer  in  order  to  isolate  email 
islands  in  the  N-emitter  layer.  The  purpose  of  these  islands  will 
be  explained  subsequently.  These  circular  grooves  were  made  small, 
approximately  0.125  in  inner  diameter  and  0.25  m  outer  diameter, 
so  that  their  presence  would  not  greatly  disturb  the  operation 
of  the  SCR.  Five  islands  were  spaced  approximately  uniformly 
down  the  length  of  each  bar.  Fig.  1  shows  the  final  deviea  con¬ 
figuration. 

2.2  Measurement  Technique 

No  leads  were  soldered  to  the  devices.  Instead,  connections 
to  the  anode  and  cathode  were  made  by  placing  the  anode  against 
a  flat  aluminum  bar  and  then  bringing  four  phosphor-bronse  spring 
fingers  down  on  the  cathode  between  the  islands.  Fig.  2  shows 
the  basic  arrangement.  A  eutectic  mixture  of  indium  and  gallium 


fig*  2*  Method  of  contacting  the  anode  and  cathode  layers  of 


wm  spread  over  the  surface  of  the  nickel  plated  cathode  to  Insure 
intimate  eleotrioal  contact  between  the  Bp ring  fingers  and  the 
nickel.  Connection  to  the  gate  contact  was  aade  by  positioning 
a  tungsten  probe  against  the  aluninun  contact* 

In  order  to  control  the  temperature  of  the  device,  the  aluminum 
bar  upon  which  the  device  rested  was  attaohed  to  a  heavy  copper 
plate  the  temperature  of  which  wm  controllable*  The  entire  de¬ 
vice  was  kept  under  a  layer  of  mineral  oil  throughout  the  tests 
to  help  keep  the  tempeiature  of  the  device  uniform  and  to  maintain 
stable  ambient  conditions.  A  thermocouple  Inserted  In  the  mineral 
oil  served  to  monitor  the  temperature  of  the  device* 

The  is lands  in  the  emitter  layer  of  the  device  permitted  the 
observation  of  the  spread  of  turn-on  within  the  device.  When  on 
SCR  la  fully  turned  on,  the  inner  base  layers  are  flooded  with 
injected  minority  carriers.  If  cnly  a  part  of  the  device  ie 
turned  on,  then  oily  the  base  layers  in  the  on-region  are  flood¬ 
ed  with  minority  carriers.  The  presence  of  minority  carriers 
within  a  small  region  of  the  device  was  detected  by  reverse  bias¬ 
ing  the  island  in  that  region  and  observing  the  reverse-bias  current* 
Connection  to  each  island  was  made  by  positioning  a  fine  tungsten 
probe  on  the  island  with  a  micromanipulator.  When  the  region 
of  the  device  next  to  an  island  turns  on,  ths  reverse-bias  current 
of  the  island  increases  due  to  the  presence  of  injected  minority 
carriers.  Hence,  by  triggering  the  SCR  with  a  gate  pulse  and 
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observing  the  reverse-bias  current  of  each  individual  island,  the 
propagation  of  the  on-state  across  the  device  was  directly  observed* 

The  basic  test  cirouit  consisted  of  a  fixed  d-c  supply  volt¬ 
age  with  a  resistive  load  in  series  with  the  SCR.  The  resistive 
load  allowed  the  load  current  rise  tine  to  be  in  the  order  of  a 
very  few  microseconds  in  most  oases*  However,  at  the  highest 
load  current,  70  amperes,  the  low  load  resistance  in  combination 
with  distributed  circuit  inductance  increased  the  rise  time  to 
about  20  microseconds.  Still  the  load  current  rise  time  was 
always  only  a  fraction  of  the  total  time  required  for  the  on- 
region  to  spread  across  the  entire  device* 

Internal  heating  of  the  SCR  during  the  tests  was  minimized 
by  applying  power  to  it  just  long  enough  to  permit  the  total 
area  to  become  conducting  and  by  triggering  at  a  repetition 
rate  of  2*5  cps* 


3.  RESULTS  AND  DISCUSSION 


3.i  PfteffiAniiifi  tta  SBEMdte&JatoalJg 

The  data  for  this  experiment  were  obtained  from  oscilloscope 
traces  such  as  those  shown  in  Fig,  3,  The  top  trace  shows  the 
rise  of  the  load  current  through  the  device.  The  eeoond  trace 
shews  the  trailing  end  of  the  fall  of  the  voltage  001*008  the 
device.  The  voltage  across  the  SCR  ie  originally  at  a  high 
value  out  of  the  range  of  the  figure,  falls  rapidly  to  an  ini¬ 
tial  low  value  when  triggered,  and  then  falls  more  slowly-  as  the 
on-region  spreads  throughout  the  device. 

The  remaining  five  traces  show  the  reverse-bias  current  of 
each  island.  When  the  area  next  to  the  individual  island  turns 
on,  the  reverse-bias  current  of  islands  1  through  U  increases, 
reaches  a  maximum,  and  then  decreases  to  a  steady  state  value. 

The  decrease  after  the  increase  occurs  because  the  anode-cathode 
current  density  within  the  device  decreases  as  more  area  turns 
on  and  the  injected  carrier  density  near  the  islands  decreases. 
Island  5  does  not  show  this  decrease  since  this  island  is  at  the 
end  of  the  bar  farthest  from  the  gate  connection  and  will  receive 
minority  carriers  only  after  the  on-region  has  spread  practically 
across  the  entire  device  and  the  anode-cathode  current  density 
is  at  its  final  minimum  value.  As  is  expected,  the  arrival  of 
minority  carriers  at  island  5  coincide  with  the  time  when  the 
voltage  across  the  SCR  reaches  its  final  minimum  value. 
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Fig.  3.  Typical  oscilloscope  traces.  (Device  A5,  T  -  363°K) 
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In  order  to  obtain  a  measure  of  the  spreading  velocity  it  is  nec¬ 
essary  to  select  a  point  on  the  trace  of  an  island's  reverse-bias 
current  which  designates  the  time  when  the  area  next  to  the  island 
changes  from  off  to  on*  As  the  traces  of  Fig.  3  show,  the  reverse- 
bias  current  of  an  island  is  not  a  step  function  but  has  a  finite 
rise  time.  Furthermore,  the  rise  time  depends  to  seme  extent  upon 
the  sise  of  the  island  and  the  detection  circuitry*  Consequently, 
the  time  when  the  reverse-bias  current  of  an  island  just  begins 
to  increase  has  been  selected  as  the  time  to  denote  when  a  region 
goes  from  off  to  cn.  This  selection  is  somewhat  arbitrary  but 
since  these  times  are  subtracted  to  calculate  velocities,  the 
consistency  of  the  method  seems  more  important* 

The  same  time  scale  for  each  island  has  been  used  in  Fig* 

3  in  order  to  show  better  the  sequence  of  arrival  of  the  on-region* 

The  actual  data  were  taken  with  the  time  scale  of  each  island's 
trace  expanded  the  greatest  extent  possible  in  order  to  obtain  the 
most  accuracy* 

Fig.  U  shows  the  times  when  the  on-regicn  reaches  the  indivi¬ 
dual  islands  of  device  A3  as  a  function  of  the  final  load  current 
and  is  typical  of  the  many  plots  obtained*  Time  on  this  graph 
is  measured  from  the  application  of  the  gate  pulse.  The  spread¬ 
ing  of  the  on-state  is  a  relatively  slow  process  requiring  tens 
or  hundreds  of  microseconds  and  increases  quite  rapidly  at  lew 
load  currents*  Times  as  long  as  a  few  milliseconds  have  been 
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1  Pig.  4.  The  arrival  time  of  the  on-etate  at  the  individual  islands 

vs  the  final  load  current. 
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FINAL  LOAD  CURRENT,  amps 


1-13 


observed  in  book  devious*  At  still  lower  load  currents *  below 
about  0*3  amperes  in  Pie*  k,  no  increase  in  the  reverse-bias  current 
of  the  islands  away  from  the  gate  was  observed*  This  is  because* 
at  the  lowest  currents*  the  device  does  not  turn  on  throughout  its 
area*  The  holding  current  for  device  A3*  and  for  most  of  the  other 
devices  used  in  this  experiment*  was  about  10  to  20  ma  at  roan 
temperature* 

A  measure  of  the  velocity  of  propagation  of  the  on-state 
can  be  obtained  by  dividing  the  distance  between  two  islands  by 
the  time  necessary  for  the  on-etate  to  travel  from  one  island  to 
the  next.  If  the  velocity  is  varying  with  time*  which  it  probably 
is*  the  velocities  so  calculated  will  be  the  average  velocity  over 
the  distance  from  one  island  to  the  next*  The  velocity  of  propa¬ 
gation  as  a  function  of  load  current  is  plotted  for  device  A3  in 
Pigs.  5.  The  velocity  of  propagation  from  island  1  to  island  2 
is  indicated  by  the  notation  V^,  etc, 

3*2  The  effect  of  the  Load  Current 

The  propagation  of  the  on-state  in  an  SCR  has  been  analyzed 
by  L  4rM.^  In  their  analysis  they  have  considered  the  primary 
mechanism  for  the  spread  of  the  on-state  to  be  the  diffusion  of 
excess  carriers  from  the  on-region  to  the  off-region  in  the  bases 
of  the  SCR.  As  the  off -region  adjacent  to  the  on-region  receives 
sufficient  carriers  and  therefore  excess  charge  from  the  on-region* 
this  off-region  will  turn  on  and  in  turn  contribute  carriers  to 
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the  next  adjacent  off -region.  As  long  as  the  carrier  lose  from 
the  cn-regicn  to  the  adjacent  off -region  ie  sufficiently  great, 
the  on-etate  Mill  continue  to  propagate  throughout  the  device. 
The  expression  derived  in  reference  (l)  for  the  velocity  of 
propagation  of  the  on-etate  is 


2F 

where  —  ■  flux  of  carriers  to  the  off-region  per  unit  base 

thickness  per  unit  length  of  periphery  of  the 
on-region. 


N 


0 


maximum  carrier  density  at  the  periphery  of  the 
on  region. 


0  ■  diffusion  coefficient, 

'X  ■  the  base  lifetime, 

and  q  •*  the  base  thickness  (both  bases  assumed  equal). 

In  a  given  d  evice  D,  'X  ,  and  a  may  be  assumed  to  be 
constant.  The  density  NQ  may  also  be  considered  constant  since  NQ 
essentially  defines  the  boundary  between  the  on-  and  off-regions. 
The  velocity  will  now  depend  wily  on  the  lateral  flux  of  carriers, 
2F/TT  .  The  lateral  flux  of  carriers  was  related  to  the  device 
parameters  by  the  expression. 
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~  Fsa  *  (a»+o6a  —  I  )  -  j-  (2) 

where  S  is  the  peripheral  length  of  the  on-region,  I  is  the  load 
current  and  oL  ^  and  oC  2  are  ^he  alphas  in  the  on-region  of 
each  base.  This  expression  was  derived  from  a  conservation  of 
charge  argument. 

Expression  (2)  says  that  F  is  approximately  proportional  to 
(l/S)  in  a  given  device.  The  alphas  are  also  functions  of  the  load 
current  but  since  the  alphas  in  expression  (2)  are  the  alphas  in 
the  on-region,  their  change  with  load  current  is  small  compared  to 
the  load  current  change  itself,  therefore,  the  velocity  of  propa¬ 
gation  will  be  given  by 

V  =  Cjd/s)-  C2(s/I)  (3) 

where  and  C2  are  independent  of  current  but  C2  is  temperature 
dependent  as  will  be  discussed.  The  peripheral  length  S  increases 
as  the  on-region  spreads  throughout  the  device  but  this  change 
can  be  kept  small  by  observing  the  velocity  while  the  on-region 
spreads  but  a  short  distance.  At  higher  load  currents  the  first 
term  of  eq.  (3)  dominates  and  the  velocity  should  be  proportional 
to  the  load  current. 

Examination  of  Fig,  5  reveals  that  the  measured  velocity 
increases  with  load  current  but  the  relation  is  not  a  direct 
proportionality  except  perhaps  for  a  small  range  at  low  currents. 
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At  higher  currents  the  velocity  approximately  follows  the  relation 

V"  «  I  (4) 

where  n  is  a  muriber  greater  than  one.  Ails  relation  has  been  ob¬ 
served  to  be  generally  true  for  all  the  devices  tested.  The 
exponent  n  varies  from  device  to  device  but  is  usually  between 
2  and  6.  Although  the  observed  relation  between  load  current 
and  spreading  velocity  does  not  correspond  closely  with  the 
theory  of  L  ♦  M,  close  correspondence  should  not  be  expected 
because  of  the  approximations  used  in  the  derivation. 

A  more  unexpected  observation,  however,  is  that  the  relation 

V12  ^  V23  ^  ^  ^  n0t  always  occur*  Since  the  current 

density  within  the  device  decreases  as  more  area  turns  on,  it  is 
expected  from  eq.  (3)  that  etc.  Fig.  5  sheers  that 

is  greater  than  the  other  velocities  at  lower  load  currents.  At 
higher  load  currents  becomes  less  than  the  other  velocities 
but  this  is  expected  since  the  load  current  has  a  greater  rise 
time  at  hi$i  currents  and  will  not  attain  its  maximum  until  the 
on-region  has  essentially  spread  from  island  1  to  island  2.  In 
some  devices  was  not  always  greater  than  all  the  other  veloci¬ 
ties  at  low  load  currents  but  the  tapering  off  of  at  high 
currents  occurred  in  nearly  every  case. 

Scans  of  the  discrepancy  in  the  order  of  V23»  V34  and 
may  be  due  to  experimental  error.  Since  the  velocities  were  cal¬ 
culated  by  subtracting  two  time  measurements,  the  relative  error 
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may  be  as  large  as  -  30  per  cent  at  very  high  velocities. 

Usually,  however,  the  error  was  much  less  than  this.  Often  the 
discrepancy  in  the  order  of  the  velocities  was  too  large  and 
consistent  to  be  due  solely  to  experimental  error. 

One  of  the  SCRs  was  constructed  with  a  gate  connection  on 
each  end  of  the  bar  in  order  to  observe  any  difference  as  the  on- 
state  spread  from  left  to  rigjit  or  from  right  to  left  along  the 
bar.  The  velocity  of  spreading  versus  the  load  current  is  shown 
in  Fig.  6  when  only  the  first  gate  was  triggered  and  in  Fig.  7 
when  only  the  second  gate  was  triggered.  Examination  of  these 
figures  shows  that  the  average  velocity  was  greater  when  the 
second  gate  was  triggered  than  when  the  first  was  triggered. 
Furthermore,  the  expected  order  of  the  velocities  when  the  second 
gate  is  triggered  is  V54  >  V43  >  V32  >  V21  since  the  current  den¬ 
sity  is  higher  during  the  5  to  4  transition,  etc.,  but  just  the 
opposite  order  was  observed. 

Evidently  the  device  was  not  perfectly  sysmetrical.  One 
reason  for  this  may  be  that  the  N-type  base  was  not  of  uniform 
thickness  across  the  bar.  The  effect  of  the  base  widths  on  the 
spreading  velocity  will  now  be  considered. 

3*3  The  effect  of  the  Base  Widths 

The  base  width,  a,  influences  the  velocity  of  spreading 
primarily  through  its  effect  upon  the  lateral  flux  of  carriers 
from  the  on-region  to  the  off -region.  In  expression  (2)  the 


Pig,  6.  The  velocity  of  propagation  of  the  on-eta te  in  device 
Cl  ve  the  final  load  current  when  only  the  first  gate 
was  triggered* 
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Fig.  7*  The  velocity  of  propagation  of  the  on-atate  in  device 
Cl  vs  the  final  load  current  when  only  the  second  gate 
was  triggered* 
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flux  2F/TT  Is  inversely  proportional  to  ths  sun  of  the  base  widths 
2a.  Since  the  velocity  is  proportional  to  the  lateral  flux  at  high 
load  currents ,  the  velocity  will  also  be  inversely  proportional  to 
the  total  base  width.  Although  the  base  width  also  occurs  in  the 
denominator  of  the  second  tern  of  expression  (l),  this  term  is 
negligible  at  high  load  currents.  (*see  footnote  p.  1-42) 

The  sum  of  the  base  widths  in  device  A3  was  about  150  microns 
and  in  device  Cl  about  105  microns.  The  velocity  of  spreading  in 
Cl  would  be  expected  to  be  about  3/2  times  the  velocity  in  A3  and 
comparison  of  Figs.  5  and  6  shows  this  to  be  approximately  true 
at  high  currents.  At  lower  currents  the  velocity  in  Cl  differs 
from  that  in  A3  by  a  factor  greater  than  3/2  since  the  points 
seem  to  fall  on  a  different  slope,  i.e.,  the  exponent  n  in  ex¬ 
pression  (4)  is  higher.  Close  correlation  with  theory  is  not 
expected,  however,  because  of  experimental  and  theoretical  approxi¬ 
mations. 

The  reason  a  higher  average  velocity  was  observed  in  device 
Cl  when  the  trigger  was  applied  to  the  second  gate  instead  of  tha 
first  gate  may  be  partly  due  to  the  nonunifonnity  of  the  width 
of  the  N-type  base  in  Cl.  Measurement  of  the  base  widths  in  Cl 
indicated  that  the  wide  N  base  narrowed  from  about  90  microns  to 
about  80  microns  from  one  end  of  the  bar  to  the  other.  Since 
the  narrow  end  of  the  bar  was  at  the  end  with  the  first  gate,  seme 
tendency  for  the  velocity  to  increase  would  be  expected  as  the 
on-region  spread  from  the  second  gate  towards  the  first  gate.  In 
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Fig.  7  an  increase  in  the  velocity  was  observed  as  the  on-region 
spread  f root  the  second  gate  towards  the  first,  but  the  observed 
increase  is  much  greater  than  would  be  expected  from  a  10  per 
cent  change  in  the  base  width* 

3*4  The  Effect  of  Temperature 

It  was  noted  in  section  3*1  that  the  time  for  the  on-region 
to  reach  the  islands  increased  quite  rapidly  at  low  load  currents* 
This  is  illustrated  in  Fig.  4  by  the  sharp  upsweep  which  occurs 
at  about  0.3  amperes  in  device  A3  at  3&3°K.  This  sharp  upsweep 
was  temperature  dependent.  In  device  A3  the  upsweep  occurred  at 
about  1.0  ampere  at  297°K  and  at  about  1.7  amperes  at  274°K. 

Below  these  values  of  current  the  total  area  of  the  device  did 
not  stay  on.  At  higher  temperatures  the  total  area  stays  on  at 
lower  load  currents  probably  because  the  base  OL  s  increase  with 
temperature*  This  increase  in  the  oi  s  is  probably  due  to  the 
increase  of  the  lifetime  with  increasing  temperature  as  is  further 
evidenced  ty  the  temperature  dependence  of  the  velocity  of  spreading* 

In  eq.  (2)  the  lateral  flux  of  carriers  has  little  dependence 
upon  temperature.  Most  of  the  temperature  dependence  of  the  spread¬ 
ing  velocity  will  arise  frcm  the  second  term  of  eq.  (l)  (or  from 
C2  in  eq.  (3)).  As  noted  before,  this  term  will  have  little  in¬ 
fluence  upon  the  spreading  velocity  at  high  load  currents  and 
therefore  we  should  expect  temperature  to  have  little  influence  at 
high  load  currents* 
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The  temperature  dependent  terms  of  eq.  (l)  are  Dt"  and  D^. 

The  first  of  these  arises  from  the  loee  of  carriers  which  recombine 
in  the  off -region*  The  seoond  arisee  from  the  loss  of  carriers  in 
the  off-region  which  diffuse  to  the  adjacent  N  regions  in  the  oase 
of  the  P-type  base  and  to  the  adjacent  P  regions  in  the  case  of 
the  N-type  base.  Although  the  diffusion  coefficient,  D,  changes 
by  less  than  a  factor  of  two  over  the  temperature  range  of  this 
experiment,  the  lifetime,  <T  »  can  vary  exponentially  with 

temperature  and  may  change  by  an  order  of  magnitude  over  the  same 

(3)  2 

temperature  range*  In  any  case,  both  DT  and  D  decrease 

as  temperature  increases  so  the  second  tern  of  eq*  (l)  will  de¬ 
crease  permitting  the  velocity  of  spreading  to  increase  with 
temperature. 

Fig.  8  is  a  plot  of  the  spreading  velocity  versus  the  recip¬ 
rocal  temperature  for  device  A3  and  is  typical  of  most  of  the 
devisee  measured.  The  points  on  this  graph  have  been  interpolated 
from  Fig.  4  and  two  other  sets  of  data*  Because  of  the  wide 
spread  of  the  points  in  Fig.  6,  a  close  fit  with  theory  cannot 
be  expected  but  the  trend  is  in  the  proper  direction.  At  low 
load  currents  the  velocity  definitely  increases  with  tempera¬ 
ture  and  at  high  load  currents  the  velocity  is  nearly  independent 
of  temperature.  This  is  as  expected  because  the  second  term  of 
eqe,  (1)  or  (3)»  which  is  the  temperature  dependent  one,  ie  very 


ill  at  high  load  currents. 


VELOCITY  ,  cm /sec 


o  ts  -  I 
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W.g»  8,  The  velocity  of  propagation  of  the  on-state  vs  the 
reciprocal  temperature  for  device  A3, 
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Device  Cl  (Figs*  6  and  7)  differed  from  most  of  the  other 
devices  in  that  the  spreading  velocity  was  nearly  independent  of 
temperature  over  the  range  considered*  At  load  currents  of  less 
than  0*5  ampere  the  velocity  showed  some  temperature  variation* 

At  higher  load  currents,  however,  the  velocity  plots  for  296°K 
and  363°K  were  nearly  identical  when  only  the  first  gate  was 
triggered  or  when  only  the  second  gate  was  triggered*  As  was 
noted,  device  Cl  had  a  narrower  N  base  layer  than  the  other  devices 
and  consequently  the  spreading  velocity  in  this  device  was  determined 
primarily  by  the  first  term  of  eq.  (l).  Since  this  term  is  nearly 
temperature  Independent,  the  velocity  of  spreading  should  be  temp¬ 
erature  independent  also* 

If  the  above  interpretation  of  the  temperature  dependence 
of  the  spreading  velocity  is  correct,  these  temperature  studies 
imply  that  the  spreading  velocity  is  higher  in  devices  with  higher 
base  lifetime.,  at  least  at  low  load  currents*  A  higher  base  life¬ 
time  means  that  a  smaller  fraction  of  the  total  carriers  which 
have  diffused  to  the  off-region  from  the  on-region  will  be  lost 
by  recombination  in  the  base*  More  carriers  will  then  be  avail¬ 
able  to  diffuse  to  the  bordering  junctions  and  will  enable  the 
off-region  adjacent  to  the  on-region  to  turn  on  faster.  At 
higher  load  currents  the  lifetime  in  the  off-region  of  the  base 
has  less  influence  upon  the  spreading  velocity  since  the  first 
term  of  eq.  (l)  dominates.  The  high  injection-level  lifetime 
of  the  on-region  will  then  be  most  influential  since  the  alphas 


1-26 


In  aquation  (2)  da pend  upon  this  lifetime. 

Previously  we  showed  that  the  spreading  velocity  and  load 
current  seen  to  obey  the  relation  V11  o<  I  at  high  load  currents. 

In  general,  the  exponent  n  increases  with  temperature •  For  device 
A3,  n  was  about  2  at  274 °K  and  about  3  at  363°K.  In  device  Cl, 
which  showed  little  temperature  dependence,  n  was  about  5. 

3.5  The  Effect  of  Anode-Cathode  Voltage 

The  spreading  velocity  was  observed  not  to  be  a  function  of 
the  pre-triggered  voltage  across  the  SCR  for  constant  load  current. 
Some  change  in  the  L/R  ratio  occurred  when  the  anode-cathode  voltage 
was  changed.  This  was  due  to  a)  the  load  circuit  which  had  a 
constant  distributed  inductance,  and  b)  the  need  to  change  the 
load  resistance  in  order  to  maintain  a  constant  load  current  when 
the  anode-cathode  voltage  was  changed.  ThiB  affected  the  rise 
time  of  the  load  current  and  caused  some  slight  changes  in  the 
spreading  velocity  in  certain  ranges  of  load  current.  It  appears, 
however,  that  the  spread  velocity  is  primarily  dependent  upon  the 
load  current  and  not  the  voltage  across  the  SCR  prior  to  triggering. 

3.6  The  Effect  of  the  Gate  Signal 

The  effect  of  the  gate  trigger  signal  on  the  tum-on  of  silicon 
controlled  rectifiers  has  been  studied  by  Somos^  and  by  Misawa^. 
They  have  observed  that  the  shorter  the  gate  pulse  width,  the  great¬ 
er  must  be  the  gate  current  amplitude  in  order  to  fire  the  SCR. 
Furthermore,  the  lower  the  gate  current  amplitude,  the  longer  the 
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delay  tine  will  be.  The  delay  time  ie  defined  as  the  time 
interval  between  the  application  of  the  input  trigger  pulse 
and  the  time  when  the  resulting  load  current  attains  10  per 
cent  of  its  maximum  amplitude. 

The  amplitude  and  pulse  length  of  the  gate  signed  were  varied 
to  observe  the  effect,  if  any,  of  the  gate  signal  on  the  spread¬ 
ing  velocity  of  the  on-state  within  the  SCR.  Our  studies  have  been 
made  on  three  types  of  devices:  (l)  those  with  a  single  end  or  side 
gate,  (2)  those  with  two  end  gates  and,  (3)  those  with  a  center  gate. 

3.6.1  Single  aid  gate  structure 

Most  of  the  SCRs  used  throughout  this  investigation  required 
a  gate  current  of  about  one  milliampere  or  less  to  trigger.  The 
gate  signal  was  a  rectangular  current  pulse  with  a  rise  time  of 
about  one  microsecond. 

No  spreading  of  the  on-state  was  observed  during  the  delay 
period.  That  is,  the  spread  of  the  on-state  appears  to  start 
when  the  load  current  through  the  device  begins  its  rapid  rise. 

When  the  gate  current  was  increased  from  a  former  low  value, 
the  delay  time  decreased  as  was  expected.  However,  the  time 
for  the  on-stats  to  reach  any  of  the  individual  islands  also 
decreased  by  the  same  amount.  Thus,  the  gate  current  amplitude 
appears  to  have  no  effect  on  the  velocity  of  propagation  of  the 
on-state.  This  has  been  observed  with  load  currents  from  cne- 
half  ampere  to  70  amperes  and  with  gate  currents  from  less  than 
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one  milliampere  to  one  ampere. 

One  may  have  thought  that  extending  the  gate  pulse  length 
greatly  beyond  the  delay  time  may  enhance  the  spreading  velocity 
of  the  on-state,  but  this  is  not  observed.  When  the  gate  pulse 
length  was  reduced  to  much  less  than  the  delay  time,  the  SCR  was 
not  triggered.  If  the  gate  pulse  length  was  about  equal  to  the 
delay  time,  the  SCR  would  trigger  but  sporadically.  If  the  gate 
pulse  length  was  much  greater  than  the  delay  time,  the  SCR  would 
trigger  regularly  but  greatly  extending  the  pulse  length  did  not 
affect  the  velocity  of  propagation  of  the  on-state  or  change  the 
arrival  time  at  the  first  island. 

3.6.2  Double  end  gate  structure 

Device  C3,  which  had  a  gate  on  each  end  of  the  bar,  permitted 
observing  the  spread  of  the  on-region  when  both  gates  were  trig¬ 
gered  at  the  same  time.  Although  no  extensive  quantitative  measure¬ 
ment  was  made  on  this  phenomenon,  sane  general  observations  have 
been  made. 

When  both  gates  were  connected  in  parallel  only  one  gate 
would  trigger  since  the  input  impedance  of  the  two  gates  was  differ¬ 
ent  and  most  of  the  gate  current  would  go  to  one  gate.  A  suffi¬ 
ciently  high  gate  pulse  may  have  triggered  both  gates  simultane¬ 
ously  but  this  was  not  verified  because  of  the  limitations  of  the 
equipment  immediately  available.  When  the  two  gates  were  triggered 
separately  at  the  same  time,  the  gate  signals  could  be  adjusted 


1-29 


so  that  both  ends  of  the  bar  switched  on  and  the  on-regions  would 
spread  from  both  ends  towards  the  center*  If  one  of  the  gate 
signals  were  delayed  until  after  the  first  gate  signal  had  already 
started  the  spread  of  the  on-region  from  one  end  of  the  bar,  the 
second  gate  sigpal  could  start  a  second  on-region  spreading  from 
the  other  end  of  the  bar  provided  the  second  gate  was  triggered 
before  the  first  on-region  had  spread  clear  across  the  device, 

3*6*3  Center  gate  structure 

Although  increasing  the  pulse  length  or  the  amplitude  of 
the  gate  signal  did  not  affect  the  spreading  velocity  in  devices 
with  an  end  gate,  two  questions  arise:  l)  will  a  long  gate  pulse 
or  a  high  gate  current  help  turn  on  a  large  initial  area  in  center 
gate  devices,  and  2)  is  it  better  to  initiate  turn-on  in  the  center 
of  an  SCR  or  at  the  edge? 

In  order  to  investigate  these  aspects  of  tum-on,  device  A7 
was  made  with  a  center  gate  structure  by  etching  away  a  section 
of  the  emitter  N  layer  clear  across  the  width  of  one  of  the  bars 
as  shown  in  Fig,  9,  Contact  to  the  inner  P  layer  was  made  with  a 
tungsten  probe.  Two  islands  were  placed  on  either  side  of  the 
center  gate  in  addition  to  the  other  islands  so  that  the  total 
number  of  islands  was  six* 

In  general,  when  device  A7  was  triggered  at  the  center  gate 
the  on-region  would  spread  outward  from  the  center  in  both  dir¬ 
ections  along  the  bar.  Fig.  10  shows  the  time  of  arrival  of  the 


Fig*  10.  The  arrival  time  of  the  on-state  at  the  individual 

islands  of  device  A7  when  triggered  at  the  center  gate 
vs  the  final  load  current* 
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on-region  versus  the  load  current.  At  very  low  load  currents 
the  spreading  of  the  on-region  would  continue  in  only  one 
direction  along  the  bar  even  though  both  sides  were  obviously 
triggered  on  since  minority  carriers  were  detected  at  both 
islands  next  to  the  center  gate.  Increasing  the  gate  pulse  length 
or  amplitude  did  not  have  any  effect  on  this  phenomenon. 

Whether  one  or  both  sides  of  the  bar  stayed  on  after  trigger¬ 
ing  depended  primarily  upon  the  load  current  and  temperature 
and  the  device  itself. 

The  one  exception  where  the  gate  signal  did  affect  the  turn¬ 
on  region  was  when  the  gate  contact  probe  was  placed  very  close 
to  the  emitter  N  layer  of  one  side  of  the  bar  instead  of  in  the 
center  of  the  etched  P  region.  This  purposely  made  the  center 
gate  asymmetrical  so  that  more  of  the  gate  current  passed  through 
the  emitter  closest  to  the  probe  (the  side  of  the  bar  with  islands 
A,  5,  and  6).  Under  this  condition  and  at  load  currents  of  less 
than  360  ma  (363 °K) ,  if  the  gate  pulse  length  was  too  short  only 
one  side  of  the  bar  was  triggered.  If  the  gate  pulse  length  was 
increased,  both  sides  would  be  triggered  but  the  condition  for 
both  sides  staying  on  was  the  same  as  above.  The  length  of  the 
gate  pulse  necessary  to  trigger  both  sides  of  the  device  depended 
upon  the  gate  current  and  the  load  current.  If  the  load  current 
was  greater  than  360  ma,  both  sides  of  the  device  triggered 
regardless  of  the  gate  pulse  length  or  amplitude  providing  they 
were  sufficient  to  trigger  the  device. 


If  the  gate  probe  was  placed  near  the  center  of  the  etched 
P  region  so  that  the  center  gate  contact  me  reasonably  synmetrlcal, 
both  sides  of  the  bar  were  always  triggered  on  if  the  gate  si&ial 
was  sufficient  to  trigger  the  device.  Furthermore,  the  velocity 
of  spreading  of  the  on-state  was  unaffected  by  the  gate  signal 
here  Just  as  with  a  single  end  gate  structure. 

Fig.  10  shows  that  the  center  gate  structure  has  at  least  one 
advantage  over  a  single  end  gate  structure — the  time  necessary  for 
the  same  total  area  to  turn  on  is  reduced  by  about  one -half .  This 
is  because  the  on-region  spreads  in  both  directions  from  the  center 
gate  and  the  spreading  velocity  is  just  about  the  same  as  in  the 
case  of  an  end  gate  device.  The  spreading  velocity  of  device  A7 
is  shown  in  Fig.  11  as  a  function  of  the  load  current.  It  can 
be  seen  that  the  magnitude  of  the  spreading  velocity  and  its 
dependence  on  the  load  current  is  very  much  the  same  as  in  a 
device  with  a  single  end  gate  and  similar  base  widths  (device  A3). 

In  summary  we  may  state  that  the  gate  signal  has  little  effect 
upon  a  large  area  SCR  when  the  gate  is  adjacent  to  an  on -region 
of  the  SCR.  If  the  gate  is  adjacent  to  an  off-region  of  the  SCR 
then  a  proper  gate  signal  can  start  an  on-region  spreading  from 
the  gate. 

3*7  The  Effect  of  a  Large  Inhomogeneity 

Since  device  A7  had  a  gate  connection  at  one  end  of  the  bar 
in  addition  to  the  center  gate,  we  could  trigger  the  end  gats  and 
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observe  the  effect  of  the  gap  In  the  emitter  layer  upon  the 
spreading  of  the  on-regLcn.  The  gap  In  the  emitter  layer  was 
0*75  bb  wide  and  extended  acroes  the  entire  width  of  the  device 
so  that  the  emitter  layer  was  divided  into  two  separate  portions, 
(Pig*  9)  Although  the  two  sections  of  the  emitter  layer  were  physi¬ 
cally  separated,  they  were  connected  electrically  by  the  branse 
spring  fingers  which  contacted  the  N  emitter  layer, 

A  break  in  the  emitter  layer  might  be  expected  to  stop  the 
spread  of  the  on-region  so  that  only  one-half  of  the  device  would 
turn  on.  ^his  was  not  always  the  case,  however,  as  Pigs.  12  and  13 
aptly  show.  Above  a  minimum  load  current  the  on-region  continued 
across  the  gap  and  along  the  rest  of  the  bar.  The  minimum  load 
current  can  be  seen  to  depend  upon  the  temperature.  At  296°K 
the  N-regian  would  not  spread  beyond  the  gap  when  the  load  current 
was  less  than  about  17  amperes.  At  363°K  the  on-region  would 
not  spread  beyond  the  gap  when  the  load  current  was  less  than 
about  1.1  ampere. 

The  basis  for  the  on-region  spread  across  the  gap  in  the  emitter 
layer  can  be  understood  if  one  remembers  that  the  potential  of  the 
base  P  layer  is  a  few  tenths  of  a  volt  more  positive  in  the  on- 
region  than  in  the  off-region  since  the  emitter  is  under  heavy  for¬ 
ward  bias  in  the  on-region.  Consequently,  when  the  on-region  has 
spread  up  to  the  gap  there  is  a  lateral  potential  in  the  P  layer 
under  the  gap.  This  potential  causes  the  emitter  in  the  off- 
region  to  inject  carriers  adjacent  to  the  gap,  thereby  turning 
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Fig.  12.  The  arrival  time  of  the  on-state  at  the  idi victual  islands 
of  device  A7  when  triggered  at  the  end  gate  vs  the  final 
load  current  at  296  a.  The  on-state  would  not  spread 
beyond  the  center  gap  at  load  currents  less  than  about 
17  amperes. 
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W*  arrival  time  of  the  on-state  at  the  individual  islands 
of  device  A7  when  triggered  at  the  end  gate  vs  the  final 
load  current  at  363°K.  The  on-state  would  not  spread 
beyond  the  center  gap  at  load  currents  less  than  about 
1*1  ampere. 
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this  portion  of  the  device  on  end  enabling  the  on-region  to 
epruad  the  entire  length  of  the  device* 

Although  the  on-region  would  spread  across  the  gap  in  the 
emitter  layer,  it  was  delayed  somewhat  at  low  load  currents*  Fig. 
14  shows  the  spreading  velocity  versus  the  load  current  for  this 
situation  at  363  rU  The  points  which  represent  the  spreading 
velocity  across  the  gap  show  the  effect  of  this  delay*  At  high 
load  currents  the  spreading  of  the  on-region  was  delayed  very 
little  by  the  gap.  After  the  on-region  reached  the  other  side 
of  the  gap  it  progressed  across  the  remainder  of  the  device  at 
about  the  same  velocity  as  before  the  gap  regardless  of  the  load 
current. 

Since  the  on-region  will  spread  across  a  large  gap  in  the 
emitter  layer,  it  stands  to  reason  that  if  the  SCR  is  triggered 
at  the  center  by  applying  a  probe  to  the  etched  P  region  of  the 
gap,  the  on-region  is  certain  to  spread  in  both  directions  from 
the  center  regardless  of  the  gate  signal.  This  is  in  agreement 
with  the  findings  of  the  previous  section. 


Fig.  14.  The  velocity  of  propagation  of  the  on-state  of  device  A7 
when  triggered  at  the  end  gate  vs  the  final  load  current. 
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4.  CONCLUSIONS 

The  velocity  of  propagation  of  the  on-etate  within  an  SCR 
approximately  follows  the  relation  V11  o<  I  at  high  load  currents* 
This  relation  between  the  spreading  velocity  and  the  load  current 
is  not  predicted  in  the  theory  of  L  4  The  "ideal"  model 

used  in  the  theoretical  work  did  not  take  into  account  the  change 
in  the  diffusion  coefficient  with  carrier  concentration  in  the 
extrinsic  bases  or  the  effect  of  possible  lateral  fields  in  the 
bases ,  which  were  assumed  nearly  intrinsic,  upon  the  spreading 
velocity.  These  and  other  approximations  may  explain  the  differ¬ 
ences  between  theory  and  experiment. 

The  observations  of  the  effect  of  the  base  widths  and  tempera¬ 
ture  upon  the  velocity  of  propagation  of  the  on-state  can  be  inter¬ 
preted  in  terms  of  the  theory  of  reference  (l).  In  devices  with 
narrower  base  widths  the  spreading  velocity  is  higher  and  has  less 
temperature  dependence.  The  temperature  dependence  of  the  velocity 
of  propagation  has  been  interpreted  in  terms  of  the  change  in 
lifetime  with  temperature.  If  this  interpretation  is  correct, 
then  the  velocity  of  propagation  of  the  on-state  will  be  higher 
in  devices  with  higher  base  lifetime,  at  least  at  low  load  currents* 

The  voltage  across  an  SCR  before  tum-on  is  supported  mainly 
by  the  center  junction.  The  discharge  of  the  capacitance  of  this 
junction  during  tum-on  has  little  effect  upon  the  spread  of  the 
on-state  since  the  velocity  of  propagation  is  primarily  dependent 
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upon  the  load  current  and  la  not  af footed  by  the  anode-cathode 
voltage  before  tum-on* 

Although  the  gate  signal  has  no  effect  upon  the  velocity 
of  propagation,  the  placement  of  the  gate  may  be  an  important 
design  feature  since  measurements  on  end  gate  devices  show  that 
triggering  at  the  center  enables  an  equivalent  area  of  the  SCR 
to  turn  on  in  less  time  than  occurs  when  triggering  at  ths  end* 

Since  our  measurements  were  made  on  rectangular  SCR s,  it  is  not 
certain  that  the  same  result  will  occur  in  experiments  with  cir¬ 
cular  SCRs  with  side  gates  and  center  gates* 

The  experiment  with  the  large  gap  in  the  emitter  layer  of 
an  SCR  indicates  that  inhomogeneities  arising  from  crystal  imper¬ 
fections,  contact  alloying,  or  other  causes  may  delay  the  spread 
of  the  on-etate  but  is  not  likely  to  stop  the  spread* 

All  the  experiments  in  this  paper  were  conducted  on  rectangular 
bar-shaped  SCRs.  More  extensive  experiments  with  circular  geo¬ 
metries  would  be  needed  to  obtain  a  better  understanding  of  the 
lateral  spread  of  tum-on  in  "real"  silicon  controlled  rectifiers* 
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(♦footnote  for  page  1-21) 

The  use  of  the  L  X  H  analysis  to  Interpret  the  velocity  depend¬ 
ence  on  base  widths,  temperature,  etc.,  may  appear  somewhat  illogical 
since  this  analysis  does  not  adequately  explain  the  observed  load 
current  dependence  of  the  spreading  velocity.  Ldf  M,  by  use  of  a 
complete  ambipolar  model,  did  not  include  drift  effects  but  the  tem¬ 
perature  and  base  widths  are  probably  most  effective  in  the  diffusive 
factors.  Thus  the  analysis  probably  still  yields  useful  Information 
on  the  physical  operation  of  the  device  if  only  the  general  trends  of 
tiie  experimental  data  are  considered. 
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CHAPTER  TWO 


BASE  AND  EMITTER  LATERAL  CURRENT  ANALYSIS 
APPLICABLE  TO  MULTIJUNCTION  DEVICES 


ABSTRACT 

This  paper  contains  an  analysis  of  a  linear  and  of  a  cylindrical 
transistor  with  lateral  currents  in  both  the  emitter  and  the  base 
layers.  The  results  are  written  in  a  general  form  and  can  be  applied 
to  many  specific  cases  including  those  that  have  a  lateral  current 
only  in  the  base  layer  or  only  in  the  emitter  layer.  They  may  also 
be  useful  in  the  analysis  of  other  multijunction  devices  in  addition 


to  transistors 
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1 .  INTRODUCTION 

In  transistors  and  other  multijunction  devices  lateral  currents 
frequently  play  a  most  important  role*  Edge  crowding  in  emitters  is 
one  well  known  result  and  the  spreading  of  the  on-state  in  silicon  con¬ 
trolled  rectifiers  is  another.  The  effect  of  lateral  currents  is  here 
analysed  only  for  the  transistor  because  of  its  simplicity  but  it  is 
done  so  in  a  way  which  is  in  some  respects  more  general  and  more  useful 
than  has  been  done  previously.  The  results  are  of  direct  use  in  de¬ 
vices  of  greater  complexity  as  is  shown  in  a  subsequent  paper* 

Under  certain  conditions  lateral  currents  may  exist  in  both  the 
base  and  the  emitter  layers  of  a  transistor.  The  Internal  current  dis¬ 
tribution  of  a  transistor  with  lateral  currents  in  the  emitter  layer  is 

usually  analyzed  by  neglecting  the  lateral  potential  drop  in  the  base 

(l  2  3 ) 

due  to  the  lateral  base  current.'  *  *  In  this  paper  analytical  ex¬ 
pressions  are  derived  which  describe  the  internal  current  and  voltage 
distributions  of  a  transistor  with  lateral  currents  in  both  the  base 
and  emitter  layers  and  without  neglecting  the  lateral  base  potential. 

The  equations  describing  the  situation  for  a  general  transistor 
are  obtained  first.  The  general  equations  are  then  solved  for  two 
transistor  models— a  rectangular  model  and  a  cylindrical  model.  Al¬ 
though  the  transistor  models  are  rather  idealised  the  basic  assump¬ 
tions  cure  essentially  the  same  as  those  used  by  Fletcher^  and  later 
by  Hauser in  analyzing  the  effect  of  the  lateral  base  current  on 
transistor  operation.  Basically  the  analysis  is  for  low-level  operation 
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and  dove  not  ineluda  the  effects  of  conductivity  nodulation  in  the  base 

as  considered  by  Fletcher^  and  by  Xtaeis,  Herlet,  and  Spenke^*^  in 

analysing  the  effeot  of  the  lateral  base  current.  High  frequency  ef- 

(o) 

facts  as  analysed  by  Pritchard  and  surface  effects  are  not  included. 


2.  ANALYSIS 
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2.1  General  Model 

In  the  transistor  of  Fig.  1  only  the  lateral  variations  of  the 
voltages  and  currents  will  be  considered.  The  lateral  emitter  current 
density  Jg(D  and  the  lateral  base  current  density  are  average 

values  with  respect  to  any  Z  variation  that  may  exist  in  the  actual 
current  densities.  The  densities  "3^(f )  and  J^ff)  are  vector  functions 
of  the  position  vector  "j^  lying  parallel  to  the  plane  of  but  not 
necessarily  in  the  direction  of  r  . 

Let  the  average  resistivity  of  the  emitter  and  of  the  base  layer 
be  and  respectively.  Since  the  lateral  currents  are  primarily 
drift  currents  carried  by  majority  carriers  we  may  write 

VVe(7)  =-peJe(T)  (D 

and  Vvb(?)  =~Pb  Jb(*>  (2) 

where  Vg(T)  and  V^(T)  are  the  lateral  voltages  in  the  emitter  and  base 
layers  respectively. 

The  forward  bias  on  the  emitter  junction  is 

v(f)  =  vb(7)  -  ve(T)  O) 

Taking  the  gradient  of  eqn.  (3)  and  substituting  eqns.  (l)  and  (2) 
yields 

VV(f)  =  Jg(7)  -  ^(7)  M 

v2v(r,=  pe[v.Te(T,]-Pb[v.jb(T)]  • 


or 


(5) 


EMITTER 

BASE 

COLLECTOR 


CROSS  SECTION  OF  VOLUME  £LEMENT  OF 
TRANSISTOR  AT  f . 


Fig.  1.  General  transistor  with  lateral  currents  in  both  the 
emitter  and  base  layers. 
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The  analysis  will  be  restricted  to  the  case  where  the  emitter  Junc¬ 
tion  current  density  is  given  by 

J(7)  =  j  exp  0(7)  (6) 

where  j  is  a  constant  and 

e(T, .  •  (7) 

n  is  a  constant  between  1  and  2.  In  writing  eqn.  (6)  we  are  assuming 
exp  0(7)  »  I  •  This  ia  not  a  requirement  for  high  injection 
level  but  rather  that  the  injection  level  be  high  compared  to  equilib¬ 
rium  minority  carriers* 

The  current  density  crossing  the  reverse  biased  collector  Junction 
is  oL  J(r )  where  &L  is  assumed  constant.  There  is  an  implicit  assump¬ 
tion  here  that  carriers  cross  the  collector  Junction  without  any  lateral 
diffusion  or  drift.  This  is  a  reasonable  approximation. 


Applying  the  conservation  of  charge  principle  to  the  small  element 
of  emitter  volume  WgdS  in  Fig.  1  yields 

[v-Je(7)]  WedS  =  J(7)  dS 


or 

1 

[H<T>] 

we 

=  J(f) 

# 

(8) 

Similarly,  in  the 

base. 

k 

=  -(1- 

OL )  J(r)  . 

(9) 

Substituting 

eqns. 

(8)  and 

(9) 

into  eqn. 

(5)  and  using  eqns. 

(6) 

and  (7)  gives 

V20(r) 

= 

2  A]  exp  0(7) 

(10) 

A  2nkT  [We  WbU  \ 


is  a  constant  of  material  and  configuration.  Eqn.  (10)  (Liourille's 
eqn.)  is  the  basic  equation  since  the  solution  0(f)  will  permit  the 
remaining  lateral  currents  and  voltages  to  be  obtained.  Eqn.  (10)  and 
the  other  appropriate  equations  will  now  be  solved  for  two  specific 
transistor  models. 


2.2  Rectangular  Model 

In  the  transistor  of  Pig.  2  the  lateral  emitter  and  base  currents 
are  both  in  the  x  direction  and  functions  of  x  only.  The  position 
vector  T  now  has  only  an  x  component  and  for  simplicity  the  vector 
notation  will  be  dropped. 


The  form  of  the  equations  to  follow  will  be  simplified  if  written 
in  terms  of  the  dimensionless  parameter 

Q  =  (  X  /Xm  —  I  )  (11) 


where  xm  is  the  point  where 


d9(x) 

dx 


=  0 


x  =  x 


m 


It  is  not  necessary  for  this  point  to  be  in  the  device  but  it  always 
exists,  at  least  mathematically.  From  eqn.  (4)  it  can  be  seen  that  Xm 
can  be  defined  by  the  equation 


a- 

II 

"  %'lem 

.  ft 

Wb 

where  lg(x)  =  WgHJg(x) 

and 

'bm 


(12) 


With  the  use  of  eqn.  (11),  eqn.  (10)  in  rectangular  coordinates 


becastes 


Rectangular  transistor. 


2Ax^  j  exp  0(g)  . 


d20(q)  „ 
dg 2 

The  solution  of  eqn.  (13)  is 

e(g)-em 


2  In  sec  ag 


where  0m  is  the  value  of  0  at  g  *  0  and 

0  =  •  Jm  *  1  exP  ®m  • 
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(13) 


(14) 


The  solution  of  eqn.  (13)  contains  two  arbitrary  constants  of  in¬ 
tegration,  Xm  and  Jm  .  The  equations  have  been  written  in  terms  of 
these  two  constants  since  the  form  of  the  equations  to  follow  is  there¬ 
by  simplified  and  the  two  arbitrary  constants  have  a  physical  signifi¬ 
cance,  thereby  aiding  the  Interpretation  of  the  resulting  equations. 

The  physical  significance  of  Xm  is  already  apparent  and  that  of 
will  become  so  in  the  next  equation. 

The  injected  emitter  current  density  can  be  obtained  from  eqns. 

(6)  and  (14). 

J(g)  =  Jm  sec2 ag  .  (15) 

We  see  that  Jm  is  the  minimum  emitted  current  density  and  occurs  at 
g  =  0  ,  i.e. ,  at  x  =  xm  *  Also,  since  J(g)  is  an  even  function, 

the  emitted  current  distribution  is  symmetrical  about  g  -  0  ,  at  least 
to  the  limits  of  the  device. 

The  lateral  emitter  current  can  be  obtained  by  substituting  eqn. 

(15)  into  eqn.  (8)  and  integrating. 

HxmJm 

'e'9  “'em  * - 5 —  ,an  a«  '  (,6) 

Similarly,  integration  of  eqn.  (9)  yields 


'bW-'bm 


S 


-d  -  ot)  [ie(g)  “  i0mJ 
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Equations  ( 1 6)  and  (17)  have  been  written  In  terns  of  |gm  and  , 
the  lateral  emitter  and  base  currents,  respectively,  at  g  ■  0  • 
and  are  not  arbitrary  but  are  determined  by  and  and  they 
are  not  necessarily  the  minimum  lateral  currents  but  rather  the  lateral 
currents  at  the  point  where  the  emitted  current  density  is  minimum. 

This  notation  has  been  used  for  conciseness  but  since  1^  and  are 
not  necessarily  quantities  that  can  be  measured  externally  on  a  tran¬ 
sistor  it  may  be  desirable  to  eliminate  them  from  the  expressions  for 
|Q(g)  and  1^(9)  and  later  equations  to  be  derived.  This  can  easily  be 
done,  for  example,  by  substituting  a  known  boundary  current  I Q( Q , )  into 
eqn.  (16),  and  using  the  resulting  equation  in  conjunction  with  eqn. 
(16)  to  eliminate  |  . 


The  lateral  voltages  in  the  emitter  and  base  layers  can  be  obtained 
by  Integrating  eqns.  (1)  and  (2)  with  the  use  of  eqns.  (16)  and  (17). 


The  voltages  V^m  and  are  the  voltages  which  occur  at  g  =  0  , 

A  sketch  of  J(g)  ,  |  (g)  ,  and  V(g)is  shown  in  Fig.  3.  These  will 

v  6 

be  discussed  in  more  detail  after  the  equations  applicable  to  the  cylin¬ 
drical  model  are  derived. 
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2.3  Cyllndrically  Symmetrical  Model 

In  the  translator  of  Fig.  U  the  lateral  emitter  and  base  current a 
are  both  in  the  r  direction  and  functions  of  r  only  since  we  assume 
cylindrical  symmetry. 


Equation  (10)  becomes  in  our  cylindrical  system 

2Ajexp0(r)  (20) 

dn  r  dr 

The  solution  to  eqn.  (20)  will  be  written  in  terms  of  the  dimensionless 
parameter 

f  =  In  -r- 


(21) 


'm 


where  r  is  the  point  where 

m 


d9(r) 

dr 


«  0 


r  =  r, 


m 


analogous  to  in  the  rectangular  model.  The  solution  to  eqn.  (20) 
is  derived  in  the  appendix.  Once  0(f)  is  obtained  the  remaining  cur¬ 
rents  and  voltages  are  then  obtained  by  using  eqn.  (6)  and  integrating 
eqns.  (8)  and  (9)  and  then  (1)  and  (2).  The  solutions  may  be  written 


in  three  forms  according  to  whether  Ar  >  I 

mm 

or  ArmJm  <  1  • 


Ar!  J  *  I 
m  m 


»>  ArmJm> 


J(f)  = 


Let  b  =  \/A  r  ZJ  — 
v  m  m 

J. 


HL 


(exp  2f  )(cos  bf  -  T  sin  bf  )2 


'e<f>  -  'em 


=  ['b(f)  'bm]  =  2-rrr2J  f  tSD-bf _ 

(l-rf)  rmJm[b_tanbf  _ 


r 


V,(f) 


em 


AWeL 


|  ln(cos  bf  — -jjj-sinbf)  +  ^1  — 


AW 

^tT 


>■] 
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Vb(,)-Vbm 


<2>  ArmJm 


T  (  Albm  Y. 

~  AWh  "  ln  <C0S  bf  ’  b  sin  bf  1  +  ('  +  2-n-(|-«rJ  ' 


J<,)  ’  (exp2f)(l  — f>2 

,  (f)-|  ,  ,~[yf’  'tmL  ,  2-n-^j 

V  '  em  (|—  u)  m 


Ve(f)  Vem=  AWfl 


Vb(f)  Vbm  AWl 


■  2^rmJm[r=T] 

’-(-»  +  (•- -Sr),] 

_ 


<3)  A^mJm  <  1  • 


Let  C  =  V  I  —  ArmJ 


nrrm 


J(f)  = 


(exp  2f)  ( cosh  cf  --^-sinhcf) 


,  (f)_,  s  - uuu  =  2tt 

e'T  em  ( I  —  oC ) 


Ve(,)  Vem  ’  AW. 


-e  (l— ot) 

V  (f)-v  =  — - - 

V  ;  bm  AWb 


[i‘-(f)~  'fanl  =  2TTr2j  [~  tonhct  1 
-  o t )  m  Jm  |_  c  -  tanh  of  J 

InCcosh  cf  —  -jrsinh  cf)  +  ^1  —  f  j 

I-  cL)  f  l  (  Alfom 

-  ln(cosh  cf  -  -q  sinh  cf )  + 1 1+  2Tr(|- 

*h  L  \ 


+  2TT(|-0t)jf 


X  plot  of  J(f)  is  shown  in  Fig.  5  with  ArmJm  as  a  parameter. 


I  mr/r  ‘AiiSN3a  ±N3uano  asiiiwG 

1 

l 

I 


Fig.  5.  A  plot  of  the  emitted  current  density  J(r/rm)  for  the 
cylindrical  transistor  with  Arj|j  as  a  parameter. 
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3.  DISCUSSION 

The  equations  in  this  paper  have  been  written  in  terms  of  the  two 

arbitrary  constants  J^p  and  either  xm  or  rm  .  In  a  given  situation 

these  two  constants  will  be  determined  by  the  boundary  conditions.  If 

Q'  and  gz  (or  and  f  ^  )  are  the  two  boundaries  of  the  transistor, 

some  possible  pairs  of  boundary  conditions  are  0(g| )  and  0(g2)  ,  or 

J(gf)  and  J(g2),  or  [^(g,)  -  le^)]  *nd  -  'b^g)]  •  Anyone 

of  these  three  pairs  of  boundary  conditions  will  yield  two  equations 

sufficient  for  determining  the  two  arbitrary  constants.  In  some  cases 

x  or  r  may  lie  outside  of  the  physical  bounds  of  the  model,  but  the 

mm 

equations  are,  of  course,  still  valid. 

An  estimate  of  the  minimum  emitted  current  density  and  its 

m 

location  xm  could  be  obtained  by  constructing  a  transistor  with  small 
isolated  sections  in  the  collector  layer.  If  the  reverse-bias  current 
of  these  isolated  sections  was  observed,  the  location  of  the  minimum 
injected  current  density  could  be  determined  and,  if  a  value  of  O L  is 
assumed,  an  estimate  of  Jj-p  could  be  made.  This  technique  would  pro¬ 
vide  an  independent  check  upon  the  values  calculated  from  the  analysis 
with  given  boundary  conditions. 

It  is  helpful  to  note  that  in  the  rectangular  model  only  one  curve 
is  necessary  to  completely  describe  the  distribution  of  J(g)  ,  lg(g) 
or  |^(q).  The  emitted  current  distribution  J(g)  ,  for  example,  is 
described  by  the  curve  of  Fig.  3(a).  In  a  given  transistor  with  a 
fixed  set  of  boundary  conditions  a  segment  of  this  curve  will  describe 
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the  emitted  current  distribution.  If  the  boundary  conditions  are 
changed  by  going  to  a  higher  injection  level,  for  example,  a  different 
segment,  but  of  the  same  curve,  will  now  describe  the  new  emitted  cur¬ 
rent  distribution.  A  family  of  curves  for  different  operation  levels 
Is,  then,  segments  of  the  one  curve  of  Fig.  3(a).  The  situation  in  the 

cylindrical  model  is  not  as  fortunate,  however,  since,  as  Fig.  5  shows, 
2 

Arm^m  must  be  used  as  a  parameter  when  drawing  the  distribution  of 
J(f )  or  other  functions. 


Since  the  analysis  has  been  for  two  rather  general  transistor 
models,  the  results  will  apply  to  many  specific  cases,  some  of  which 
have  been  considered  in  the  literature.  One  specific  case,  for  ex¬ 
ample,  is  a  rectangular  transistor  with  no  lateral  voltage  drop  in 
the  emitter  layer  and  only  one  base  connection  at  X=0  in  Fig.  2. 

In  order  to  have  no  lateral  voltage  in  the  emitter  layer  a  contact 
can  be  applied  over  the  emitter  surface  so  that  the  average  resistivity 
of  the  emitter  layer  is  zero.  Then  f^=0  and  by  eqn.  (12) 

^  'b(xm>  =  0  - 

But  since  there  is  no  base  connection  at  X  =  L  we  know  that  Iq2=  0  • 
Consequently,  Xm=  L  in  this  case.  Equation  (15)  becomes 

J(x)  =  Jm  sec2  a(£-  -  I)  . 

Jm  can  be  written  in  terms  of  J(0)  ,  the  injected  current  density  at 
the  edge  X  =  0  . 


J(x)=  J(0) 


secz  a(~  - 1) 


sec2  a 
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This  equation  is  identical  to  eqn.  ( 1 7)  in  reference  (5)  for  the  same 
specific  case.  Another  case  considered  in  the  literature  is  a  rectan¬ 
gular  transistor  with  no  lateral  voltage  drop  in  the  base  layer  and  only 
one  emitter  connection  at  X  =  0  .  In  this  case  if  we  let  either  P^  -0 
or  OC  s  I  no  lateral  voltage  will  exist  in  the  base  layer  and  the  equa¬ 
tions  can  be  reduced  to  those  derived  in  reference  (3)  for  this  model. 

The  application  of  the  equations  in  this  paper  to  actual  devioes 
is  limited  by  the  assumptions  in  the  derivation.  Sometimes  the  analysis 
will  apply  only  to  certain  parts  of  specific  devices.  For  example,  it 
is  possible  to  pass  sufficient  lateral  current  through  the  base  of  a 
transistor  to  cause  part  of  the  emitter  junction  to  be  reverse-biased. 
Here  the  analysis  applies  only  to  the  forward- biased  part  of  the  junc¬ 
tion  where  exp  0  »  I  .  At  sufficiently  high  injection  the  base 
resistivity  near  the  edges  may  change  with  injection  level,  in  which 
case  the  analysis  would  apply  to  the  remainder  of  the  device  where  P 
is  constant. 

Although  OL  has  been  assumed  constant,  in  an  actual  transistor  O L 
will  decrease  at  low  current  levels.  This  decrease  in  O L  means  that  a 
larger  fraction  of  the  total  emitted  current  will  recombine  and  increase 
the  lateral  base  current.  This  increased  lateral  base  current  will 
cause  a  larger  lateral  voltage  drop  in  the  base  layer,  thereby  making 
the  crowding  more  severe  than  expected  when  O L  is  assumed  constant. 

When  applying  the  results  of  this  analysis  in  a  quantitative  manner 
some  additions  will  certainly  be  necessary  to  account  for  the  edge  and 
surface  effects.  Many  authors  have  shown  that  the  surface  and  edge 
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effects  probably  account  for  most  of  the  OC  drop  off  at  low  current 

levels^*  and  also  for  the  06  drop  off  at  high  current 
(12  13) 

levels*'  *  Essentially  the  boundary  currents  in  our  models  would 
have  to  have  additional  components  for  the  surface  and  edge  recombina¬ 
tion  currents* 

Although  our  analysis  has  been  for  transistor  aodels ,  the  results 
can  be  applied  with  very  little  modification  to  other  moltijunction  de¬ 
vices  or  at  least  to  parts  of  other  devices.  In  a  later  paper  we  shall 
use  part  of  this  analysis  to  explain  some  switching  phenomenon  we  have 
observed  in  specially  constructed  PNPN  devices* 


Hots:  In  a  recent  paper,  "Bidirectional  Triode  P-N-P-N  Switches," 
Proc.  HEX,  22*  355-369,  (April  1965),  F.  B.  Gentry,  E.  I.  Space,  and 
J.  K.  Flowers  have  also  analysed  the  effect  of  lateral  currents  in 
both  the  emitter  and  base  layers  of  a  linear  model.  Their  results  can 
be  obtained  from  the  results  of  this  paper  since  the  assumptions  in 
both  papers  are  essentially  identical  although  their  approach  is  some- 
what  different.  Thqr have  not  obtained  the  expressions  for  the  lateral 
emitter  and  base  currents  or  voltages  nor  have  they  considered  the 
cylindrical  model. 
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APPENDIX 


Solution  to  eqn.  (20). 

+  i *  2A1«p »  •  («) 

In  order  to  solve  eqn.  (Al)  first  change  the  variables  to  u(z)"r4®- 

9  — ^ 

and  z(r#0)  *  r  exp  0  , 

(2+u)^-  *  2Aj 

Integrating  eqn.  (A2)  and  imposing  the  conditions 


(A2) 


Jfi- 

dr 


r*r, 


0  Md  e(rm)  *  em 


(A3) 


m 


yields 


u  +  4u  -4Ajz  +  4Ajzms  0 


«  f2(df)  “  4Ar2jexp©  +  4Ar^)exp  0^  *  0  .  (A4) 


Eqna.  (Al )  and  (A4)  can  be  combined  to  eliminate  the  exp  0  term. 

9  2 

n  n/HQ\  na 

«  0  .  (A5) 


Substituting 


.-2. 


where  f  *  In-/- 

rm 


(|)  (f)  s  exp0(r) 

eqn.  (A5)  becomes 

“  2|f  +  A'mJm'J1  *  0  • 


(A6) 


Eqn.  (A6)  is  a  linear  differential  equation  whose  solution  may  be 
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a  2 

written  In  three  forms  according  to  whether  ArmJm>  I  ,  "  I  , 

or  Arm^m  ^  *  • 

Ar£jm>l  «  Ut  b  «\/Ar*  Jm -  I  ,  then  <f  «C,(exp  f) cos(bf +C2 ) 
«nd  0(f)  —  ©m  *  - 2f- 2ln(cosbf- -jjslnbf)  . 

ArmJm*  1  *  (exp  f  )(C3+C4f)  , 

and  0(f)-em-  —  2f-2ln(l-f)  * 

Ar^Jm<l  *  Ut  ^v/l-Ar^J^  ,  then  ^(^(expfJcoshfcf+Cg) 
and  0(f)— 0m8  -  2f  -  2ln  (cosh  cf-^sinhcf )  . 


In  each  of  the  three  cases  above  the  arbitrary  constants  C  (  through 
Cg  have  been  written  in  terns  of  rm  and  Jm  by  applying  the  condi¬ 
tions  of  (A3). 
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CHAPTER  THREE 

SKIP  TORN-ON  OF  SILICON  CONTROUm  RECTIFIERS 

ABSTRACT 

A  lateral  current  in  an  emitter  layer  of  a  silicon  controlled 
rectifier  (SCR)  is  shown  to  vary  the  lateral  field  in  the  base  lay¬ 
ers  and  also  to  change  the  distribution  of  the  current  density  in¬ 
jected  from  the  emitter  to  the  base*  A  method  of  using  lateral 
emitter  layer  currents  in  an  SCR  to  increase  the  spreading  velocity 
of  the  on-region  and,  at  higher  currents,  to  turn  on  quickly  areas 
of  the  SCR  remote  from  the  gate  contact  is  demonstrated  experimen¬ 


tally, 


Ill— 2 


1.  INTRODUCTION 

When  a  silicon  controlled  rectifier  (SCR)  ie  triggered  by  a 
gate  current,  initially  only  a  small  region  next  to  the  gate  contact 
turns  on.  This  initial  on-region  then  spreads  laterally  throughout 
the  device  until  the  entire  area  of  the  SCR  ie  conducting.  Although 
a  large  area  SCR  is  capable  of  carrying  very  high  currents  after  the 
entire  area  is  on,  the  initial  current  oust  be  limited  since  only  the 
small  initial  on-region  is  conducting.  Frequently  it  is  desirable 
for  the  SCR  to  carry  a  large  current  immediately  after  turn-on.  On 
such  occasions  either  a  large  initial  area  must  be  turned  on  or  the 
spreading  velocity  of  the  on-region  must  be  made  to  be  very  high. 

An  earlier  paper ^  ^  described  experiments  which  permitted  the 
measurement  of  the  spread  of  the  on-region  in  specially  constructed 
SCRs.  This  paper  describes  similar  experiments  on  devices  construct¬ 
ed  so  that  after  the  initial  tum-on  a  lateral  current  exists  in  the 
N  emitter  layer.  The  effects  of  emitter  crowding  in  transistors, 
caused  by  the  lateral  current  in  the  base  layer,  is  well  known.  It 

is  also  well  known  that  a  lateral  current  in  the  emitter  layer  of  a 

(2  3) 

transistor  can  vary  the  injected  emitter  current  distribution.  * 

In  the  experiment  to  be  described,  a  lateral  emitter  current  is  used 
in  an  SCR  to  increase  the  Bpreading  velocity  of  the  on-region  after 
gate  turn-on.  Regions  of  the  SCR  remote  from  the  gate  contact  can 
also  be  turned  on  with  this  same  lateral  emitter  current. 
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First,  the  effect  of  a  lateral  emitter 
action  of  an  SCR  will  be  shown  with  the  aid 
Experimental  results  which  substantiate  the 


current  upon  the  switching 
of  a  transistor  analogue* 
theory  are  then  presented. 
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2.  THEOHT  OF  OPERATION 

The  effect  of  a  lateral  current  In  the  emitter  layer,  and  lta 
value  as  a  rapid  tum-on  aid,  can  be  explained  by  first  considering 
the  transistor  of  Fig.  1.  It  will  be  shown  that  the  transistor  struc¬ 
ture  to  be  considered  is  an  analogue  to  the  SCR  fast  tum-on  device  in 
the  pre-tum-on  condition.  The  transistor  of  Fig.  1  has  lateral  cur¬ 
rents  in  both  the  emitter  and  base  layers.  The  lateral  emitter  current, 
in  the  direction  assumed  in  Fig.  1,  tends  to  make  the  N  emitter  layer 
more  negative  at  x  ■*  L  than  at  x  «  0.  This  would  make  the  injected 
emitter  current  density  increase  as  x  increases  but  the  lateral  base 
current  counters  this  tendency  to  some  extent.  The  net  result  is  that 
the  emitted  current  ie  crowded  towards  both  ends  of  the  device  and  the 
minimum  emitted  current  density  occurs  inside  the  device. 

An  earlier  analysis^  showed  that  the  distribution  of  the  inject¬ 
ed  emitter  current  density  in  a  transistor  with  lateral  currents  in 
both  the  emitter  and  base  layers  is  described  by  the  relation 

j(x)  -  vw2(WhT  (1) 

where  Jm  is  the  minimum  emitted  current  density  which  occurs  at 
and  A  is  constant  of  material  and  configuration.  The  emitted  current 
density  is  sketched  in  Fig.  1  for  two  values  of  the  lateral  voltage 
Vg.  The  emitted  current  density  at  x  *  0  is  dependent  only  on  the 
emitter  bias  voltage  and  so  is  constant  if  is  constant. 
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That  is. 


J(0)  -  J^sec^x^v/hT)  “  constant,  (2) 

If  V2  is  Increased  to  a  value  vf;J  the  emitted  current  density  must  in¬ 
crease  since  the  emitter  layer  will  be  more  negative  at  x  *■  L.  This 
will  cause  Ja  to  increase  and,  by  eq.  (2),  x^  to  decrease.  The  shift 
in  x^  can  be  seen  by  examining  the  two  curves  of  emitted  current. 

The  lateral  current  in  the  emitter  layer  has  caused  the  emitted 
current  density  at  x  *  L  to  increase.  In  a  transistor  with  no  lateral 
current  in  the  emitter  layer,  the  point  x^  occurs  at  x  ■  L  when  the 
base  is  connected  at  x  *-  0.  The  addition  of  a  lateral  current  in  the 
emitter  layer  as  in  Fig.  1  causes  the  point  x^  to  move  to  the  interior 
of  the  transistor  and  the  emitted  current  density  at  x  «  L  to  increase. 

The  total  emitted  current  is 

H  J'  J(x)  dx  ”  (Ijwj  “ 
o 

and  will  increase  when  the  lateral  emitter  current  increases.  H  is 
the  width  of  the  transistor.  If  0 L  is  assumed  constant,  then 

*E2  ”  *E1  ~  *B1^  ”  ^  “CCjIfii 

since  Ig2  "  0  in  Fig.  1.  Since  increasing  the  lateral  emitter  current 
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causes  ( )  to  increase,  the  base  current  1^  must  also  increase. 
The  Increase  in  XB1  implies  that  the  lateral  field  in  the  base  of  the 
transistor  at  the  region  near  xB0  also  increases  since  the  lateral 
currents  are  primarily  drift  currents  carried  by  majority  carriers. 


Physically,  the  increased  emitted  current  increases  the  number  of 
carriers  recombining  in  the  base.  The  additional  majority  carriers 
necessary  for  this  increased  recombination  is  supplied  by  the  base 

since  iQg  is  fixed  at  sero. 

A  lateral  current  in  the  emitter  layer  of  an  SCR  can  be  obtained 
without  additional  external  leads  if  the  SCR  is  constructed  as  shown 
in  Fig.  2.  In  this  configuration  the  cathode  contact  is  placed  some 
distance  away  from  the  gate  contact.  When  the  SCR  is  triggered  with 
a  gate  current,  initially  only  the  region  next  to  the  gate  contact 
turns  on.  After  triggering,  the  load  current  builds  up  through  the 
on-region  and  passes  laterally  through  the  emitter  layer  as  shown  by 
the  arrows  in  Fig.  2.  The  on-region  is  continually  spreading  across 
the  device  and,  during  this  time,  the  off-portion  of  the  device  is 
analogous  to  the  transistor  structure  of  Fig.  1.  At  the  boundary 
between  the  on-  and  off-regions  the  emitted  current  density  is  nearly 
constant  and  corresponds  to  x  ■  0  in  Fig.  1.  The  load  current  through 
the  on-region  makes  up  the  lateral  current  which  was  supplied  by  Vj  in 
Fig.  1. 

As  in  the  case  of  the  transistor  of  Fig.  1,  the. lateral  current 
in  the  emitter  layer  of  the  SCR  produces  two  effects.  First,  the 


current,  1^,  causing  1^  to  increase, 


CONTACT 
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lateral  field  in  the  P-baee  layer  ie  increased  in  the  off-region  near 
the  boundary  between  the  on-and  off-regions.  This  field  increases  the 
gate  current  being  supplied  to  the  off -region  by  the  on-region  and 
thereby  causes  the  off -region  adjacent  to  the  on-region  to  turn  on 
faster.  The  final  result  is  that  the  spreading  velocity  is  increased. 

The  second  effect  of  the  lateral  emitter  current  is  that  the  cur¬ 
rent  density  injected  from  the  emitter  to  the  base  is  increased  in  the 
off-region  near  the  cathode  contact.  This  effectively  supplies  a  gate 
current  to  this  off-region  and  if  the  effective  gate  current  is  large 
enough,  the  off-region  near  the  cathode  contact  will  be  turned  on. 

Two  on-regions  will  then  exist  —  one  spreading  from  the  gate  contact 
and  the  other  spreading  from  the  cathode  contact. 
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3.  EXPERIMENTAL  PROCEDURE 

The  SCRs  used  In  this  experiment  were  the  same  as  or  similar  to 
those  used  in  the  earlier  experiment  to  investigate  the  spread  of  the 
on-state. ^  Each  SCR  was  bar  shaped  with  5  or  6  islands  spaced 
along  the  length  of  the  bar.  The  propagation  of  the  on-state  after 
gate  triggering  was  measured  by  observing  the  reverse-bias  current  of 
the  islands. 

In  the  earlier  experiment ^  contact  to  the  nickel  plated  cathode 
was  made  by  bringing  phosphor-bronze  spring  fingers  down  upon  the 
cathode  between  the  islands.  A  gallium-indium  eutectic  was  smeared 
over  the  nickel  to  insure  good  electrical  contact  between  the  fingers 
and  the  nickel  surface.  In  this  experiment  all  the  fingers  except  for 
the  finger  farthest  from  the  gate  contact  were  insulated  from  the 
cathode  layer  by  placing  mica  strips  between  the  fingers  and  the  de¬ 
vice.  The  current  through  the  SCR  therefore  had  to  pass  laterally 
through  the  cathode  emitter  layer  to  the  contact  at  the  end  of  the 
bar.  The  devices  then  approximated  the  configuration  shown  in  Fig.  2. 

The  testing  procedure  of  this  experiment  was  identical  to  that 
of  the  earlier  experiment.  Basically,  a  d.c.  supply  voltage  and  a  re¬ 
sistive  load  were  connected  in  series  with  the  SCR.  The  SCR  was  trig¬ 
gered  repetitively  at  2.5  cps  and  the  reverse-bias  current  of  each  of 
the  islands  was  observed  on  an  oscilloscope.  When  the  on-region  reaches 
one  of  the  islands  the  reverse-bias  current  increases.  This  permitted 
the  measurement  of  the  spread  of  the  on-state. 
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4.  RESULTS  AND  DISCUSSION 

In  Fig.  3  the  tine  for  the  on-region  to  reach  the  individual 
islands  of  device  Cl  is  plotted  as  a  function  of  the  final  load  cur¬ 
rent.  Zero  time  on  this  graph  is  the  time  when  the  gate  pulse  was 
applied.  Device  Cl  had  a  gate  on  each  end  of  the  bar  but,  as  indi¬ 
cated  in  Fig.  3 ,  only  the  first  gate  was  triggered.  Contact  to  the 
cathode  emitter  layer  was  made  only  between  islands  4  and  5  at  the 
end  of  the  bar  farthest  from  the  first  gate. 

At  load  currents  below  about  0.5  amperes  the  spreading  velocity 
was  indeed  increased  from  that  when  no  lateral  emitter  current  was 
present.  For  comparison  purposes  a  dashed  line  has  been  drawn  in 
Fig.  3  to  indicate  the  time  of  arrival  of  the  on-region  at  island  5 
when  all  the  spring  fingers  contacted  the  emitter  layer  and  no  large 
lateral  emitter  currents  were  present.  It  can  be  seen  that  the  arrival 
time  of  the  on-region  has  been  reduced  by  about  one-third  at  low  load 
currents. 

Although  the  lateral  currents  were  purposely  produced  in  the  emit¬ 
ter  layer  in  this  experiment,  similar  currents  may  exist  in  normal  SCRs 
because  of  variations  in  junction  depths,  resistivities  or  other  in¬ 
homogeneities.  Under  such  conditions  the  velocity  of  spreading  would 
not  be  a  monotonic  function  of  time.  These  nonuniformities  in  the 
structure  of  the  SCR  may  partly  explain  the  variations  in  the  spread¬ 
ing  velocities  that  were  observed  in  the  earlier  paper. ^ 
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Fig.  3.  The  arrival  time  of  the  on-state  at  the  individual  islands 
of  device  Cl  vs  the  final  load  current  when  only  the  first 
gate  was  triggered* 


amps 
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At  load  currents  above  about  0.5  amperes  a  second  on-region  begins 
spreading  from  the  cathode  emitter  layer  contact  after  the  first  on-re- 
gion  near  the  gate  has  begun  to  spread.  There  are  two  indications  that 
a  second  on-region  begins  spreading.  First,  examination  of  Fig.  3  shows 
that  the  order  of  the  arrival  of  the  on-region  to  the  individual  islands 
changes  at  high  load  currents.  At  low  load  currents  the  on-region 
reaches  the  islands  in  the  logical  order  1,  2,  3,  4,  5  when  the  first 
gate  is  triggered.  At  high  load  currents,  however,  the  on-regions 
reach  the  islands  in  the  order  1,  5,  4,  2,  3. 

This  order  of  arrival  of  the  on-regions  can  be  explained  if  we 
remember  that  after  the  gate  turns  on  the  initial  region,  this  on-region 
spreads  to  island  1  first.  During  this  time  the  load  current  builds  up 
and  passes  laterally  through  the  emitter  layer.  As  explained  in  sec¬ 
tion  2,  this  lateral  emitter  current  causes  the  emitter  to  inject  car¬ 
riers  into  the  base  beneath  the  contact  to  the  emitter  layer.  If  this 
injected  emitter  current  is  sufficiently  great  and  continues  for  a  suf¬ 
ficient  period  of  time  it  will  turn  on  the  SCR  beneath  the  contact. 

When  this  second  on-region  begins  spreading,  the  data  in  Fig.  3  indi¬ 
cates  that  it  reaches  island  5  first  and  then  island  4.  While  the 
second  on-region  is  beginning  to  spread  the  first  on-region  continues 
to  spread  down  the  bar  and  reaches  island  2.  Still  later  in  time  an 
on-region  reaches  island  3  and  the  entire  device  is  conducting. 

The  second  indication  that  a  second  on-region  begins  spreading  is 
obtained  by  observing  the  load  current  through  the  SCR  and  the  voltage 
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across  the  SCR  after  triggering.  Fig.  4(a)  shows  an  example  of  the 
voltage  and  current  traces  of  device  C3.  After  the  device  is  trig¬ 
gered  the  voltage  across  the  device  falls  rapidly  from  a  high  value 
out  of  the  range  of  the  figure  to  a  low  value  of  about  3  volts.  Dur¬ 
ing  this  same  time  the  load  current  through  the  device  rises  rapidly 
to  about  1.6  amperes.  About  17  microseconds  later,  however,  the  volt¬ 
age  makes  a  second  rapid  fall  to  about  1  volt  and  the  current  makes  a 
second  rapid  rise  to  about  1.75  amperes.  This  second  voltage  fall  and 
current  rise  may  be  explained  in  terms  of  a  second  on-region  starting. 

After  triggering,  the  on-region  near  the  gate  carries  ..he  entire 
load  current.  This  load  current  passes  laterally  through  the  emitter 
layer,  however,  and  the  additional  lateral  resistance  of  the  emitter 
layer  is  in  series  with  the  active  on-region  of  the  device.  Because 
of  this  additional  series  resistance  the  voltage  across  the  device  is 
higher  and  the  load  current  is  somewhat  less  —  how  much  less  depends 
upon  the  external  load  resistance  —  than  if  no  additional  lateral 
series  resistance  were  present.  When  the  second  on-region  turns  on 
beneath  the  contact  to  the  emitter  layer,  the  lateral  emitter  layer 
resistance  in  series  with  the  first  on-region  is  shunted  by  the  second 
on-region.  The  voltage  across  the  device  therefore  falls  an  additional 
amount  and  the  load  current  through  the  device  rises  an  additional 
amount  to  their  final  steady  state  values  when  the  second  on-region 
starts. 

At  high  load  currents  the  voltage  across  the  SCR  may  rise  slight¬ 
ly  after  the  first  rapid  fall  and  before  the  second  fall  occurs  as 
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shown  in  Fig.  4(b).  Because  of  the  distributed  inductance  of  the 
load  circuit  the  load  current  rise  time  is  a  few  microseconds  at  high 
load  currents.  As  a  result  the  load  current  is  still  rising  after  the 
initial  voltage  fall  and  the  voltage  across  the  series  lateral  emitter 
resistance  will  also  rise,  causing  the  voltage  across  the  device  to 
increase. 

Occasionally  the  time  between  the  first  voltage  fall  and  the 
second  voltage  fall  (or  current  rises)  was  quite  long.  An  example 
is  shown  in  Fig.  4(c)  where  a  delay  of  about  55  microseconds  exists 
between  the  first  and  the  second  voltage  falls. 

Since  the  second  voltage  fall  and  the  second  current  rise  occur 
when  the  second  on-region  turns  on,  the  time  when  the  second  on-region 
begins  to  spread  is  easy  to  measure.  The  times  when  the  second  on-re¬ 
gion  turns  on  are  indicated  in  Fig.  3  and  in  subsequent  figures  by  a 
short  horizontal  bar  drawn  for  each  of  the  load  currents  tested. 

In  Fig.  3  the  delay  between  the  tum-on  of  the  first  on-region 
and  the  turn-on  of  the  second  on-region  decreases  as  the  load  current 
increases.  At  high  load  currents  the  second  on-region  turns  on  in 
just  a  few  microseconds  after  the  start  of  load  current  build-up.  The 
current  injected  from  the  N  emitter  to  the  P  base  increases  as  the 
lateral  emitter  current  (i.e.,  the  load  current)  increases  as  shown 
in  section  2,  The  injected  emitter  current  density  is  highest  beneath 
the  emitter  layer  contact  and  will  effectively  gate  the  device  on  in 
this  region.  Just  as  the  delay  time  between  the  application  of  an  ex¬ 
ternal  gate  current  and  the  turn-on  of  an  SCR  decreases  as  the  gate 
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current  increases ,  the  delay  between  the  beginning  of  injection  fro* 
the  emitter  to  the  base  (i.e.,  the  start  of  load  current  build-up) 
and  the  tum-on  of  the  second  on-region  will  decrease  as  the  inject¬ 
ed  emitter  current  increases  and  therefore  as  the  load  current  in¬ 
creases. 

Since  device  C3  had  a  gate  connection  on  each  end  of  the  bar, 
this  permitted  contacting  the  emitter  layer  between  islands  1  and  2 
only  and  triggering  only  the  second  gate  to  observe  the  effect  of  the 
lateral  emitter  current  when  the  first  on-region  spreads  from  the 
second  gate  towards  the  first  gate.  Fig.  5  shows  the  results  of 
this  experiment.  In  general  the  phenomenon  is  the  same  as  observed 
in  Fig.  3  although  some  of  the  details  are  slightly  different,  such 
as  the  order  in  which  the  on-regions  reach  the  islands. 

A  dashed  line  has  been  drawn  in  Fig.  5,  to  indicate  the  time 
when  the  on-region  reached  island  1  when  all  the  spring  fingers  con¬ 
tacted  the  emitter  layer  and  the  second  gate  was  triggered.  This  per¬ 
mits  comparing  the  spread  of  the  on-regions  when  a  large  lateral 
emitter  current  was  present  and  when  it  was  not,  just  as  in  Fig.  3« 
Examination  of  Figs.  3  and  5  show  that  if  the  load  current  was  large 
enough  to  cause  a  second  on-region  to  begin  spreading,  the  on-regions 
reached  all  the  individual  islands  in  about  one-half  the  time  it  took 
when  no  lateral  emitter  current  was  present.  As  a  consequence  the 
entire  area  of  the  SCR  became  conducting  in  about  one-half  the  time 
when  a  second  on-region  was  remotely  triggered. 
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Fig.  5.  The  arrival  time  of  the  on-state  at  the  individual  islands 
of  device  Cl  vs  the  final  load  current  when  only  the  second 
gate  was  triggered. 
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Although  the  total  area  of  the  SCR  may  be  turned  on  fatter  when 
constructed  as  in  Fig*  2,  there  ie  one  obvious  disadvantage  to  this 
type  of  operation  —  the  current  density  is  no  longer  uniform  through¬ 
out  the  device  after  complete  turn-on*  This  nonuniform  current  density 
arises  from  the  lateral  flow  of  current  in  the  emitter  layer  which 
creates  a  e elf -bias  effect  analogous  to  the  self -bias  in  a  transistor 
arising  from  the  lateral  flow  of  the  base  current.  This  self-bias 
causes  the  current  density  in  the  SCR  to  decrease  away  from  the  con¬ 
tact  to  the  emitter  layer.  In  fact,  if  the  decrease  in  the  internal 
current  density  is  sufficient,  regions  of  the  SCR  remote  from  the 
emitter  layer  contact  may  not  stay  on,  depending  upon  the  SCR. 

In  order  to  see  if  the  on-region  would  spread  the  entire  length 
of  the  SCR  when  the  epreading  starts  just  from  the  region  adjacent  to 
the  emitter  layer  contact,  the  second  gate  of  device  C3  was  triggered 
when  only  the  spring  finger  between  islands  4  and  5  contacted  the 
emitter  layer.  In  this  case  the  gate  triggered  the  region  near  the 
emitter  contact  and  the  on-region  had  to  spread  away  from  the  contact. 
The  results  are  shown  in  Fig.  6.  The  on-region  did  indeed  spread 
across  the  entire  device.  A  dashed  line  has  again  been  drawn  in 
Fig.  6  to  show  the  time  when  the  on-region  reached  island  1  when  all 
the  spring  fingers  contacted  the  emitter  layer.  The  velocity  of 
spreading  was  s  omewhat  less  when  the  on-region  spread  away  from  the 
single  contact.  Here  the  lateral  emitter  current  was  in  the  opposite 
direction  to  that  necessary  to  increase  the  spreading  velocity  as 


discussed  in  section  2 
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In  icm  other  devices  not  all  of  tho  iru  stayed  on  after  tho 
region  beneath  the  witter  layer  contact  became  on.  Device  A5  whose 
data  ia  shown  in  Fig*  7  ia  an  example.  The  SCR  firet  turned  cm  near 
the  gate  aa  was  evidenced  by  the  preeence  of  injected  carriers  at 
ialand  1*  At  load  currente  less  than  about  5  amperes  the  on-region 
would  spread  from  the  gats  to  the  witter  contact.  When  the  on-region 
reached  the  region  beneath  the  contact  injected  carriers  at  islands  1 
and  2  and  sonatinas  island  3  were  no  longer  detected  indicating  that 
this  part  of  the  SCR  did  not  stay  on.  When  the  load  current  was  great¬ 
er  than  about  5  amperes  a  second  on-region  started  spreading  from  the 
single  emitter  contact.  This  second  on-region  was  first  detected  at 
island  5,  then  at  island  k»  and  somewhat  later  at  island  3.  No  on-re- 
gion  was  ever  detected  at  island  2,  however.  After  the  second  on-region 
turned  on,  the  first  on-region  turned  off  and  the  second  on-region  did 
not  spread  across  the  entire  device  because  of  the  drop-off  of  the  cur¬ 
rent  density  away  from  the  emitter  contact. 

The  reason  the  on-region  spread  entirely  across  device  Cl  but  not 
A 5  is  probably  because  the  two  devices  had  different  ct  s  and  not  be¬ 
cause  of  a  difference  in  the  drop-off  of  the  current  density  away  from 
the  emitter  contact.  Both  devices  wars  made  during  the  same  diffusion 
and  from  identical  material  so  they  should  have  the  same  emitter  sheet 
resistance.  Since  the  drop-off  of  current  density  depends  upon  the 
load  current  and  the  sheet  resietance  of  the  emitter  layer,  devices 
Cl  and  A5  should  have  the  same  drop-off  profile.  The  main  difference 
between  the  devicea  waa  in  the  width  of  the  N-type  base.  Device  Cl 


Fig.  7.  The  arrival  time  of  the  on-etate  at  the  individual  islands 
of  device  A5  vs  the  final  load  current  at  363°K. 
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had  a  narrower  N  base  and  therefore  a  higher  than  device  A5.  Be- 

pnp 

cause  of  the  higher  0 L  In  device  Cl,  this  device  will  stay  on  at  a 
lower  current  density  then  d  evice  A  5  as  indeed  was  indicated  by  the 
lower  holding  current  of  Cl.  The  on-reglon  will  therefore  spread 
farther  along  the  bar  of  Cl  even  though  both  Cl  and  A5  nay  have  had 
nearly  the  same  current  density  drop-off  profile  away  froei  the  emitter 
contact. 

The  data  of  Fig.  7  were  taken  at  363°K.  At  lower  temperatures 
(Fig.  8)  the  second  on-region  spread  even  less  distance  away  from  the 
emitter  layer  contact.  In  Fig.  8  the  second  on-region  did  not  even 
spread  to  island  3  until  the  load  current  was  greater  than  about  20 
amperes.  This  temperature  dependence  is  probably  due  to  the  change  in 
the  oL  s  arising  from  the  change  in  lifetime  with  temperature.  For 
comparison  purposes  a  dashed  line  has  been  drawn  in  Figs.  7  and  8  to  in¬ 
dicate  the  time  when  the  on-region  reached  island  5  when  all  the  spring 
fingers  contacted  the  emitter  layer. 

Examination  of  Figs.  3  or  5  and  Fig.  8  reveals  that  the  second  on- 
region  started  at  a  lower  current  in  device  Cl  than  in  device  A5.  Again 
this  is  probably  due  to  the  higher  0 i  and  therefore  more  sensitive  gate 
action  of  Cl  as  compared  to  A5. 

The  merit  of  using  a  lateral  current  in  the  emitter  layer  when 
switching  on  an  SCR  may  not  lie  in  the  ability  to  increase  the  velocity 

t 

of  spreading  but  rather  in  the  ability  to  turn  on  areas  of  the  SCR 
remote  from  the  gate  connection.  If  two  or  more  remote  areas  can  be 
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Fig.  8.  The  arrival  time  of  the  on-state  at  the  individual  islands 
of  device  A 5  vs  the  final  load  current  at  296°K. 
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turned  on  very  quickly,  the  load  current  can  be  allowed  to  inereaee 
more  rapidly,  thereby  increase  the  di/dt  rating  of  the  SCR. 

In  order  to  see  if  more  than  one  remote  area  of  the  SCR  could  be 
triggered  with  a  single  gate,  a  center  gate  device  was  used  which  had 
contacts  to  the  cathode  emitter  layer  only  at  the  two  ends  of  the  bar. 

In  this  device  the  gate  first  turned  on  the  region  at  the  center  and 
the  load  current  passed  laterally  through  the  emitter  layer  in  both 
directions  to  each  end  of  the  bar.  Each  half  of  the  bar  f  rom  the 
center  out  then  approximated  the  structure  shown  in  Fig.  2.  As  a  re¬ 
sult  each  end  of  the  bar  was  expected  to  turn  on  remotely. 

Fig.  9  shows  the  results  of  this  experiment  performed  on  center- 
gate  device  A7.  The  dashed  lines  in  Fig.  9  show  the  time  for  the  on- 
region  to  reach  islands  1  and  6  —  the  outermost  islands  at  the  ends  of 
the  bar  —  when  all  the  spring  fingers  contacted  the  emitter  layer  and 
no  large  lateral  emitter  layer  currents  existed.  At  high  load  currents 
the  on-region  spread  to  the  end  of  the  device  in  about  one-half  the 
time  when  lateral  emitter  currents  were  present  as  compared  to  vhen 
they  were  not. 

Although  there  is  good  evidence  for  additional  on-regions  starting 
in  device  A7  it  is  not  as  explicit  as  in  the  previous  devices.  Fig.  9 
shows  that  the  order  of  arrival  of  the  on-regions  to  the  individual 
islands  does  not  change  at  high  load  currents  as  in  Figs.  3,  5 »  7,  and  6. 
However,  this  does  not  necessarily  mean  that  additional  on-regions  did 
not  start  spreading.  The  distance  between  the  center  gate  of  device  A7 


Fig.  9.  The  arrival  time  of  the  on-state  at  the  individual  islands 
of  device  A7  when  triggered  at  the  center  gate* 


III-27 


and  either  of  the  emitter  oontacte  was  about  one-third  the  diatanoe 
between  the  gate  and  the  emitter  contact  in  devices  Cl  and  A5.  Further¬ 
more,  there  were  only  two  islands  along  this  distance  in  A7  as  compared 
to  four  for  Cl  and  A5.  It  is  quite  possible  that  additional  on-regions 
started  spreading  from  the  emitter  contacts  and  reached  islands  2  and  5 
before  the  first  on-region  reached  them.  The  shorter  distance  and  fewer 
islands  between  the  gate  and  the  emitter  contacts  did  not  permit  a  sure 
observation  of  this. 

Observation  of  the  voltage  across  and  the  current  through  device  A7 
did  not  reveal  as  striking  a  second  fall  or  rise  as  exhibited  in  Fig.  A. 
After  the  first  on-region  starts,  the  total  lateral  emitter  layer  resis¬ 
tance  in  series  with  the  load  in  device  A7  is  only  about  one-sixth  that 
of  devices  Cl  and  A 5  because  of  the  center  gate  geometry.  Much  less  ef¬ 
fect  on  the  external  voltage  and  current  characteristics  of  the  device 
is  expected  if  additional  on-regions  turn  on  remotely  from  the  gate.  In 
this  experiment  a  second  voltage  fall  was  just  noticeable  at  the  highest 
load  currents  whereas  the  rise  of  the  load  current  seemed  to  be  nearly  a 
smooth  exponential  without  the  second  break  as  in  Fig.  4. 

Some  evidence  which  indicates  that  additional  on-regions  turned  on 
remotely  in  device  A7  is  obtained  from  a  plot  of  the  velocity  of  spread¬ 
ing,  In  the  earlier  paper ^  measurements  of  the  velocity  of  spreading 
were  obtained  by  measuring  the  time  for  the  on-region  to  spread  from 
one  island  to  the  next  and  dividing  the  distance  by  this  time.  The 
velocities  were  calculated  in  this  manner  for  device  A7  (Fig.  10).  In 
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Fig.  10,  below  about  5  amperes,  the  Telocity  plot  ie  rather  normal  when 
compared  to  similar  plots  In  the  earlier  paper  Above  about  5  amperes, 
however,  the  velocity  points  seam  to  split  into  two  groups.  This  split¬ 
ting  of  ths  points  can  be  explained  in  tens  of  additional  on-regions 
turning  on  beneath  the  two  emitter  contacts. 

In  device  A7  the  first  on-region  is  initiated  at  the  center  of  the 
device  by  the  gate  signal  and  first  spreads  to  island  3  and  4.  If  con¬ 
ditions  are  correct  two  additional  on-regions  start  spreading  shortly 
thereafter  from  the  emitter  layer  contacts.  These  two  additional  on-re¬ 
gions  may  first  reach  islands  2  and  5  and  somewhat  later  islands  1  and  6. 
Here  if  the  time  from  when  an  on-region  reaches  island  3  to  when  an  on- 
region  reaches  island  2  is  measured,  the  velocity  calculations  based  on 
this  measurement  will  be  erroneous.  Most  likely  the  "velocity"  calcula¬ 
ted  from  island  3  to  2  will  be  higher  than  if  the  first  on-region  had 
actually  spread  from  island  3  to  2.  The  same  argument  applies  to  islands 
4  and  5.  In  Fig.  10  the  calculated  velocities  and  V&5  did  go  much 
higher  for  load  currents  greater  than  5  amperes.  This  then  is  evidence 
that  the  on-region  did  not  merely  spread  from  the  center  out  to  the  ends 
of  the  bar  but  instead  two  additional  on-regions  turned  on  remotely  at 
the  ends  of  the  bar  when  the  load  current  exceeded  5  amperes.  If  this 
is  the  case  then  all  the  velocities  in  Fig.  10  at  eurre ;.\s  above  5 
amperes  are  not  actual  velocities  of  spreading. 

The  data  of  Figs.  9  and  10  were  taken  at  363°K.  At  296°K  a  similar 
phenomenon  was  observed  in  device  A7. 
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1  Fig.  10.  The  velocity  of  propagation  of  the  on-state  of  device  A7  when 

triggered  at  the  center  gate  vs  the  final  load  current.  As 

(explained  in  the  text,  the  velocities  at  load  currents  greater 

than  about  5  amperes  are  probably  not  true  velocities. 
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Although  the  evidence  la  laaa  direct,  it  la  fairly  certain  that 
two  additional  on-regions  were  triggered  on  remotely  by  the  uae  of 
lateral  emitter  layer  currenta  in  device  A7.  In  order  to  obtain  later¬ 
al  currents  in  the  emitter  layer  aome  of  the  area  of  the  SCR  waa  sacri¬ 
ficed.  In  Fig.  9,  under  worst  case  assumptions,  the  total  effect  area 
waa  reduced  by  one-half  in  order  to  bring  the  total  effective  area  on  in 
one-half  the  time.  Therefore  no  advantage  was  gained.  However,  the 
linear  geometry  of  device  A7  waa  not  optimum  and  a  little  reflection 
shows  that  a  smaller  fraction  of  the  total  area  need  be  sacrificed  in 
a  circular  geometry  in  order  to  obtain  similar  lateral  currents. 

The  question  arises  whether  the  use  of  lateral  emitter  layer  cur¬ 
rents  in  a  circular  geometry  would  have  any  advantage  over  the  use  of  a 
distributed  gate  to  turn  on  large  areas  initially.  This  wark  did  not 
investigate  this  question  ami  it  remains  to  be  answered. 
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5.  CONCLUSIONS 

Lateral  currents  in  an  emitter  layer  of  a  silicon  controlled 
rectifier  can  affect  the  spreading  velocity  of  the  on-region.  Lateral 
currents,  which  may  exist  in  standard  SCRs  because  of  nonuniformities 
of  structure,  may  partly  explain  observed  variations  in  the  spreading 
velocity. 

Lateral  emitter  currents  can  cause  areas  of  the  SCR  remote  from 
the  gate  contact  to  turn  on  shortly  after  gate  triggering.  This 
technique  of  turning  on  areas  of  the  SCR  remote  from  the  gate  contact 
may  possibly  be  used  to  increase  the  di/dt  rating  of  large  area  SCRs. 
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APPENDIX  A 


Device  Fabrication. 

The  procedure  for  constructing  the  SCRs  used  in  this  investi¬ 
gation  is  described  in  some  detail  in  this  appendkx.  The  procedure 
consisted  of  five  main  operations!  (1)  preparing  the  wafers,  (2)  dif¬ 
fusing  the  junctions,  (3)  applying  the  contacts,  (U)  making  the  bars, 
and  (5)  making  the  islands. 

(1)  Preparing  the  wafers. 

The  rectifiers  were  made  from  15  ohm-cm  N  type  silicon.  After 
orientation  on  the  optical  goniometer,  20  mil  slices  were  cut  from  the 
ingot  with  the  diamond  saw  so  that  the  sides  of  the  wafers  were  (ill) 
faces.  This  orientation  was  chosen  primarily  because  the  (ill)  face 
is  most  desirable  for  any  subsequent  alloying.  Both  sideB  of  the  wafers 
were  lapped  flat  and  parallel  with  successively  finer  grits  to  a  final 
lap  with  3  micron  grit  (AlgO^,  Geoscience  instruments  Corporation). 

The  pressure  on  the  full  size  wafers  (l  inch  diam.)  was  about  70  gm/cm^ 
during  lapping.  The  rate  of  material  removal  varied  greatly  with  pressure, 
grit  size,  freshness  of  grit,  and  technique  of  lapping  but  was  usually 
about  5  mils/hour  or  less.  The  fined  wafers  ranged  in  thickness  from 
5  to  10  mils. 

Some  care  was  necessary  to  obtain  wafers  with  flat  and  parallel 
sides.  After  one  side  of  the  wafer  was  finish  lapped,  the  wafer  was 
cleaned  of  excess  wax  and  placed  lapped  side  down  upon  a  hot,  clean 
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lapping  block.  Mounting  wax  (L0C-WAX-10,  Qeojcience  Instruments 
Corporation)  was  applied  to  the  edges  of  the  wafer.  The  surface 
tension  of  the  melted  wax  caused  the  wax  to  flow  beneath  the  wafer. 
Another  hot,  clean  lapping  block  was  coated  with  mineral  oil  on  one 
side  and  the  oiled  side  placed  down  against  the  mounted  wafer.  The 
oil  prevented  the  wax  from  sticking  the  top  block.  Additional  lead 
weights  were  placed  on  top  of  the  oiled  lapping  block  so  that  the 
wafer  was  firmly  pressed  against  the  bottom  lapping  block.  After  the 
lapping  blocks  had  cooled  the  oiled  block  and  weights  were  removed, 
leaving  the  wafer  mounted  to  the  bottom  block,  and  with  the  wafer's 
lapped  side  pressed  flat  against  the  lapping  block.  During  the  lapping 
it  was  necessary  to  frequently  renew  the  grit  in  order  to  insure  a 
flat  surface.  The  thickness  of  the  final  wafers  were  usually  uniform 
to  within  0.5  mil  or  less  over  the  entire  area  (l  inch  diam.  wafers). 

After  the  final  lap  the  wafers  were  removed  from  the  block  by 
placing  the  block  wafer-side  down  upon  a  filter  paper  placed  on  a  hot 
plate  and  sliding  the  block  off  the  wafer  after  the  wax  had  softened. 
This  technique  minimized  wafer  breakage. 

Cleaning  the  wafers  was  one  of  the  most  important  steps  prior 
to  diffusion.  The  wax  was  removed  from  the  wafers  by  refluxing  in 
trichloroethylene  in  an  extraction  apparatus.  Following  this  the 
wafers  we k  agitated  in  hot  nitric  acid  for  a  few  minutes,  rinsed  in 
distilled  demineralized  water,  agitated  in  hydrofluoric  acid,  again 
rinsed  in  water,  and  then  placed  in  methyl  alcohol.  Each  wafer  was 
removed  from  the  alcohol,  placed  on  a  filter  paper,  and  swabbed  with 
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a  cotton  swab  saturated  with  methyl  alcohol.  Normally  a  brownish 
stain  came  off  on  the  swab  and  swabbing  was  continued  with  new  swabs 
until  the  swab  remained  clean.  The  wafers  were  then  placed  in  methyl 
alcohol  until  diffusion.  The  brownish  stain  was  probably  very  fine 
grit  that  was  loosened  from  the  surface  during  the  oxidation  in  the 
nitric  acid. 

The  wafers  were  not  etched  prior  to  diffusion  since  it  was  desir¬ 
able  that  the  surfaces  be  as  flat  and  parallel  as  possible  over  a  large 
area  and  the  deep  diffusions  to  follow  did  not  warrant  a  finish  smoother 
than  the  fine  lapped  surface. 

(2)  Diffusing  the  Junctions. 

The  P  layers  were  obtained  by  diffusing  boron  in  an  open  tube 
(1,2,3)  0 

set  up.  With  the  main  zone  of  the  furnace  at  1000  C  and  with 

2  liters  per  minute  (lpm)  of  nitrogen  flowing  (inside  tube  diameter 

was  4.5  cm)  ,  the  source  ,  B20^,  was  placed  in  a  quartz  boat  in  the 

upstream  end  of  the  hot  zone .  After  equilibrium  was  obtained  in  the 

furnace ,  the  wafers  were  removed  from  the  alcohol,  dried  thoroughly 

on  hard-surfaced  filter  paper,  and  set  upright  in  a  slotted  quartz 

boat.  The  boat  was  then  placed  in  the  middle  zone  of  the  furnace, 

two  or  three  inches  downstream  from  the  source. 

After  30  minutes  predeposit  the  BgO-j  source  was  slid  out  the 
upstream  end  of  the  furnace.  The  carrier  gas  was  switched  from  nitro¬ 
gen  to  1/2  1pm  of  dry  oxygen  and  the  furnace  temperature  at  the 
samples  raised  to  1250°C.  The  predeposit  of  boron  at  the  lower 
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temperature  is  necessary  since  if  the  B20^  is  left  in  the  furnace  any 
appreciable  length  of  time  at  temperatures  greater  than  about  1000°C, 
a  glassy,  sticky  mess  results.  After  50  hours  at  1250°C  the  samples 
were  slid  slowly  out  of  the  furnace. 

One  side  of  the  diffused  wafers  was  waxed  down  on  glass  slides 

and  the  oxide  removed  from  the  unwaxed  side  with  HF.  The  sheet 

resistivity  of  the  diffused  layer  was  measured  with  a  four  point 

(4,5) 

probe  and  the  junction  depth  (around  30  microns)  determined  by 

angle  lapping  and  staining  one  of  the  wafers.  Surface  concentrations 

(6)  yj 

as  determined  from  the  graphs  in  Irvin  were  usually  around  10 

to  10  cm rJ  after  the  boron  diffusion.  The  Junction  staining  tech- 

(1,2) 

nique3  used  were  essentially  those  described  in  the  literature 
except  that  straight  HF  was  usually  used  without  the  addition  of  a 
trace  of  HNO^.  The  addition  of  HNO^  seems  to  hasten  the  staining 
process  but  in  the  staining  technique  the  most  important  ingredient 
seems  to  be  experience. 

After  the  resistivity  measurements  the  unoxidized  side  of  the 
wafer  was  sometimes  hand  lapped  with  3  micron  grit  to  remove  any  hard 
glaze.  After  cleaning  the  wafer  by  refluxing  in  solvents  and  swabbing 
in  alcohol  the  wafers  were  stored  in  alcohol. 

The  N  layer  was  obtained  by  diffusing  phosphorus  in  an  open  tube, 
two  temperature  zone  system.  The  main  zone  of  the  furnace  was  set  to 
1250°C  and  the  source  zone  set  to  about  230°C,  with  the  temperature 
increasing  monotonically  from  source  to  main  zone.  The  source,  PjOj, 
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was  placed  In  a  quartz  boat  at  the  230°C  zone  and  a  gas  flow  of  3  lpnt 
of  nitrogen  adjusted.  Precaution  must  be  taken  to  keep  the  PgOj  as  dry 
as  possible  since  moisture  In  the  system  usually  results  In  splotchy 
surfaces  with  uneven  surface  concentration.  Rapid  loading  of  the  P g 0^ 
and  allowing  the  nitrogen  to  flow  for  30  minutes  or  so  before  loading 
the  samples  usually  resulted  in  a  sufficiently  dry  system.  The  wafers 
and  a  P  type  test  sample  were  set  upright  in  a  slotted  quartz  boat  and 
placed  in  the  1250°C  zone  of  the  furnace.  After  15  minutes  the  gas  flow 
was  switched  to  1  1pm  of  dry  0^  since  nitrogen  tends  to  corrode  the 
surfaces  at  high  temperatures.  The  samples  were  slowly  slid  out  of 
the  furnace  1  hour  and  45  minutes  later  so  that  the  total  diffusion  time 
was  2  hours. 

The  N  layer  in  the  wafers  was  usually  around  8  microns  deep.  Sheet 
resistivity  and  junction  depth  measurements  on  the  test  sample  showed 
the  surface  concentration  to  be  around  1020  to  1021  cm-\ 

(3)  Applying  the  contacts. 

Preliminary  experiments  indicated  that  the  best  contacts  for  this 
investigation  were  evaporated  and  alloyed  aluminum  to  the  P  layer  and 
electroless  plated  and  annealed  nickel  to  the  N  layer.  These  two 
contacts  were  chosen  because  of  their  low  resistance  and  ease  of  apply¬ 
ing.  The  nickel  contact  is  probably  the  least  satisfactory  of  the 
two  because  of  uncontrollable  variations  in  the  results. 

The  most  important  step  in  applying  the  contacts  is  the  preparation 
of  the  surface  to  be  contacted.  After  the  phosphorus  diffusion  the 
oxide  was  removed  from  all  surfaces  with  HF.  In  order  to  make  a  gate 


connection,  part  of  the  N  layer  was  removed  from  the  wafer  by  masking 
with  apiezon  W  wax  and  etching.  Thermal  probing  between  short  etches 
showed  when  the  N  layer  was  removed  and  the  inner  P  layer  reached.  The 
outer  P  and  N  layers  were  lapped  with  3  micron  grit  just  long  enough  to 
remove  any  glaze  and  to  leave  a  freshly  roughened  surface  for  contacting. 
The  outer  P  layer  sometimes  had  thin  outer  N  regions  since  the  oxide  did 
not  always  completely  mask  the  phosphorus.  These  N  regions  were  removed 
by  the  lapping  as  determined  by  the  thermal  probe.  The  wafers  were 
then  cleaned  using  the  hot  nitric  acid  and  swabbing  techniques  described 
in  the  first  section,  "preparing  the  wafers."  The  wafers  were  stored  in 
methyl  alcohol  until  time  for  evaporation. 

The  aluminum  was  evaporated  to  the  outer  P  layer  and  the  gate  region 
by  standard  techniques  as  described  in  references  (7)  and  (8).  Those 
areas  to  be  nickel  plated  later  were  masked  with  glass  cover  slides 
during  the  evaporation.  After  evaporation  the  aluminum  was  alloyed  by 
placing  the  wafers  on  a  flat  carbon  strip  inside  the  bell  Jar,  Alloying 
was  done  under  a  vacuum  at  about  700  to  800°C. 

After  alloying  the  wafers  were  waxed  to  glass  slides  and  the  gate 
masked  with  apiezon  W  wax.  The  N  layer  was  electroless  nickel  plated 
by  the  technique  described  in  reference  (9).  Approximately  5  minutes 
plating  time  was  used.  After  plating  the  wafers  were  cleaned  of  wax 
by  refluxing  in  solvents  and  annealed  at  about  600  to  700°C  on  the 
carbon  strip  in  vacuum. 
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(k)  Making  the  bars. 

Ths  SCRs  used  for  this  Investigation  were  obtained  by  cutting  the 
wafers  into  long  bar  shaped  devices.  The  wafers  were  mounted  on  ceramic 
blocks  and  coated  with  glycol  thiolate  wax  before  cutting  to  minimize 
chipping  at  the  edges.  A  diamond  saw  was  the  only  available  tool  for 
cutting  the  wafers  and  was  not  entirely  satisfactory  because  of  the  chip¬ 
ping.  Lapping  through  the  wafers  with  a  thin  wire  may  be  a  better 
technique  for  dicing  the  wafers. 

After  cutting,  the  bars  were  cleaned  of  wax  and  rewaxed  on  glass 
slides  and  covered  with  apiezon  W  wax.  The  wax  was  removed  from  the 
edges  by  scraping  with  a  razor  blade.  The  edges  of  the  bars  were  then 
etched  to  remove  the  saw  damage.  This  step  was  important  for  obtaining 
a  high  breakover  voltage  in  the  SCR. 

After  etching  and  cleaning,  the  bars  were  checked  on  a  curve 
tracer  to  select  the  good  from  the  bad.  The  breakover  voltage  was 
highly  dependent  on  the  conditions  of  the  surface  at  the  edges  and 
sometimes  re-etching  was  necessary  to  make  a  device  satisfactory. 
Moisture  or  other  contaminants  on  the  surface  had  to  be  removed, 
usually  with  solvents. 

(5)  Making  the  islands. 

In  order  to  etch  the  islands  it  was  necessary  to  mask  part  of  the 
device.  Masking  with  a  thin  layer  of  wax  and  scribing  the  wax  was  the 
technique  selected  for  this  purpose.  The  devices  were  mounted  with 
the  N  layer  up  on  glass  slides  with  apiezon  W  wax  and  dipped  in  a 
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solution  of  toluene  and  apiezon  W  wax  to  put  a  thin  film  of  wax  over 
the  surface.  Toluene  is  a  better  solvent  for  this  purpose  than  tri¬ 
chloroethylene  since  toluene  does  not  cause  any  bubbling  or  blistering 
upon  subsequent  heating.  The  slides  were  held  upon  a  hot  plate  to 
soften  the  wax  and  remove  all  of  the  toluene  for  good  adherence. 

For  scribing  the  wax,  very  fine  tungsten  probes  were  made  by 

(10) 

shape  etching  tungsten  wire  in  a  4  per  cent  KOH  solution.  Although 

this  technique  can  yield  extremely  fine  points  (  less  than  0.05  mil 
diameter  tip) ,  points  with  about  1  mil  tip  diameter  were  used  for  the 
scribing. 

The  glass  slide  with  the  device  waxed  down  was  mounted  on  a  cold 
thennocompression  bonder  heat  column  and  the  normal  thermocompression 
bonding  point  replaced  with  a  fine  tungsten  point.  All  extra  weights 
were  removed  from  the  tungsten  point  holder.  The  islands  were  scribed 
by  bringing  the  point  down  upon  the  waxed  surface  of  the  device  and 
moving  the  chessman  in  a  circle  with  the  help  of  a  circular  template 
attached  to  the  base  platform. 

After  scribing  the  wax,  the  islands  were  etched  (5  parts  HNO-j, 

3  parts  HF,  3  parts  HCgH-jOg)  for  about  5  seconds  and  then  rinsed. 

The  slide  was  then  placed  on  a  hot  plate  and,  while  observing  the  islands 
with  a  microscope,  the  wax  was  softened  slightly  for  good  wax  adherence . 
They  were  etched  for  about  10  seconds  more,  rinsed,  and  heated  again. 

This  alternate  etching  and  heating  prevented  the  wax  from  peeling  off 
of  the  island.  After  the  groove  was  etched  nearly  through  the  N  layer, 
as  estimated  from  the  known  etch  rate  (about  1  mil/minute)  and  the 
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known  junction  depth,  the  leland  was  teeted  for  isolation  by  making 
oontaot  to  the  island  and  the  adjacent  N  layer  with  fine  tungsten 
probes  mounted  on  micromanipulators .  The  probes  easily  penetrated  the 
wax  layer.  Testing  on  the  curve  tracer  revealed  when  an  island  was 
isolated  since  the  islands  had  a  sharp  reverse  bias  breakdown  voltage 
and  a  very  low  (less  than  1  microampere)  leakage  current  when  completely 
isolated.  If  the  island  was  not  isolated,  heating  closed  the  pin  holes 
in  the  wax  from  the  micromanipulator  probes  and  permitted  further 
etching. 

After  the  islands  were  formed  the  wax  was  removed  and  the  devices 
cleaned  by  refluxing  in  solvents.  The  devices  were  Btored  in  a  dry 
atmosphere  until  needed  for  testing. 
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Measuring  circuitry. 

This  appendix  gives  a  brief  description  of  the  circuitry  used 
for  this  investigation. 

The  sequence  in  the  measurement  cycle  consisted  of  the  following: 
The  oscilloscope  trace  was  triggered,  then  after  a  fixed  delay  time, 
the  gate  of  the  SCR  was  triggered.  The  necessary  observations  were 
made  while  the  on-region  spread  across  the  SCR  and,  after  tum-on  was 
complete ,  the  SCR  was  turned  off.  The  voltage  across  the  SCR  waB  reset 
so  that  the  SCR  was  returned  to  the  high  voltage  forward  blocking 
state  (off-state).  The  cycle  was  then  repeated.  The  circuitry  which 
performed  these  operations  is  shown  in  Fig.  HI. 

In  the  circuit  of  Fig.  B1  suppose  the  SCR  is  in  the  forward  block¬ 
ing  state.  supplies  any  leakage  current  through  the  SCR.  The 
voltage  across  the  SCR  is  clamped  by  V2  and  is  very  nearly  equal  to 
V2.  Pulse  generator  no.  1  is  free  running  and  determines  the  period 
of  triggering.  A  square  pulse  from  generator  no.  I  closes  relay  no.  1 
which  in  turn  closes  relay  no.  2.  Two  relays  were  used  since  the  pulse 
generator  was  not  large  enough  to  drive  the  high  amperage  relay  no.  2. 
The  closing  of  relay  no.  2  does  not  affect  the  voltage  across  the  SCR 
since  V3  »  V2  »VX  and  diode  D1  is  reverse  biased.  Diode  D3  prevents 
any  change  across  the  forward  biased  diode  D2  when  relay  no.  2  closes. 


At  the  same  time  that  a  square  pulse  leaves  generator  no.  1  to 
close  the  relays,  a  sync  pulse  from  generator  no.  1  goes  to  the  external 
drive  of  generator  no.  2  and  triggers  it.  A  delayed  sync  pulse  from 
generator  no.  2  triggers  the  oscilloscope  sweep.  The  purpose  of  this 
delay  will  be  explained  subsequently.  Another  delayed  trigger  is 
obtained  from  the  oscilloscope  to  trigger  generator  no.  3  after  the 
oscilloscope  sweep  has  started.  Pulse  generator  no.  3  drives  the  gate 
trigger  generator  which  triggers  the  SCR.  The  length  of  the  gate 
pulse  is  adjusted  by  generator  no.  3  and  the  magnitude  by  the  gate 
trigger  generator. 

The  voltage  across  the  SCR  falls  after  triggering.  The  high  load 
current  is  supplied  by  and  is  limited  by  the  load  resistor.  Flat 
strips  of  ni chrome  were  chosen  for  the  load  resistor  since  they  are 
very  cheap  and  have  little  self-inductance.  The  leads  connecting  , 
the  load  resistor,  and  the  SCR  were  kept  as  short  as  possible  to 
minimize  circuit  inductance. 

Relay  no.  2  opens  at  the  end  of  the  pulse  from  generator  no.  1 
and  the  SCR  turns  off.  cannot  supply  any  current  to  the  SCR  after 
relay  no.  2  opens  because  diode  D2  is  blocking.  still  supplies 
current  to  the  SCR  but  if  the  resistors  in  series  with  are  large 
enough  the  current  supplies  will  be  less  than  the  holding  current 
and  the  SCR  returns  to  the  forward  blocking  state.  The  voltage  across 
the  SCR  will  return  to  nearly  the  value  of  V2.  The  system  is  now 
ready  to  repeat  the  cycle. 


The  trigger  signal  from  generator  no.  1  must  be  delayed  by 
generator  no.  2  so  the  SCR  can  be  triggered  just  a  few  hundred  micro¬ 
seconds  before  relay  no.  2  opens.  A  means  of  delaying  the  SCR  trigger¬ 
ing  signal  is  necessary  because  of  the  inertia  lag  of  relay  no.  2. 

The  load  current  was  measured  by  measuring  the  voltage  across  the 
current  measuring  resistor  in  series  with  the  SCR. 

The  circuit  used  to  reverse  bias  the  islands  consisted  of  a  battery 
and  resistor  in  series.  The  voltage  across  a  series  resistor  gave  a 
measure  of  the  reverse-bias  current.  The  critical  part  of  this  circuit 
was  the  shielding.  The  battery  and  all  leads  including  the  probe  for 
contacting  the  islands  had  to  be  shielded  and  the  shield  grounded  to 
eliminate  spurious  pickup. 
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Fig.  Bl.  Basic  measuring  circuit. 
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CT  a/  a/ 

he  silicon  controlled  rectifier  (SCR)  is  essentially  an  ,farea”dev  ice 


whereas  the  transistor  is  a  "'periphery”* dev  ice.  In  the  application  of  SCRs 
some  trouble  arises  in  making  use  of  this  large  area  because  of  the  slow  spread¬ 
ing  of  turn-on  from  the  gate  region.  SCRs  were  specially  constructed  to  permit 
the  direct  observation  of  the  lateral  spread  of  turn-on  within  the  device.  The 
effects  on  the  spread  of  turn-on  of  load  current,  base  widths,  temperature,  anode- 
cathode  voltage,  the  gate  signal,  and  a  large  inhomogeneity  were  observed.  (U)**- 
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s  included.  The  results  are  written  in 
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